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Abstract 
The worldwide growing demand for clean energy leads to necessity for new energy 
generation methods. Nuclear power generators are an excellent solution for these demands. 
The feasibility of nuclear power production depends on the performance of structural 
materials under the harsh conditions in nuclear reactors such as high radiation flux and high 
temperature. The development of structural materials to withstand such conditions is a big 
challenge and crucial for advanced nuclear fission and fusion reactors. Several materials are 
developed, amongst them Oxide Dispersion Strengthened (ODS) steels also called 
Nanostructured Ferritic Alloys (NFA). NFA consist of Fe-Cr based ferritic/martensitic steels that 
contain highly dispersed nanometer-size Y-Ti-O nanoclusters, and are manufactured via 
powder metallurgy. The presence of nanoclusters leads to high temperature stability and 
radiation resistance. Despite many research activities using advanced analytical techniques 
such as Transmission Electron Microscopy and Atom Probe Tomography as well as theoretical 
calculations many properties of the nanoclusters, such as the detailed atomic structure and 
composition as well as their efficiency for trapping He, vacancies and self-interstitial atoms 
(SIA), are still not completely understood.    
In the first part of this thesis work, six different structural models for atomic clusters 
in bcc Fe which may contain O, Y, Ti, and vacancies (v) are investigated by Density Functional 
Theory (DFT) calculations. Results for clusters with identical numbers of constituents (O, Y, Ti, 
and v) are compared. The most important finding consists in the statement that the data on 
the stability or energetics of the relaxed clusters are comparable although their atomic 
configurations are often different. This contradicts the prevailing opinion in the related 
theoretical literature that favors the so-called structure-matching model, which is also 
investigated in this work. In all studied cases, the absolute value of the total binding energy 
per cluster constituent becomes lower if Y is partially replaced by Ti, i.e. the driving force for 
the growth of O-Y clusters is higher than that of O-Y-Ti clusters. This may be correlated with 
the experimental observation that the presence of Ti leads to a reduction of the size of the 
oxide clusters in NFA and to a higher dispersion. A further major result is the finding that cage-
 
 
 
like (CL) clusters and clusters with an oxygen atom in the center (cage) have a similar total 
binding energy. If Ti is not present such clusters are slightly more stable than the 
corresponding CL clusters. The opposite holds for clusters with Ti. It is also shown that adding 
O atoms to CL cluster leads to structures with O in the center.  Vacancies are an important 
for the stabilization of the cluster due to the very strong binding with O. We infer that the Ov 
pair may be the origin for cluster nucleation growth.  Because of limited computational 
resources, the dimension of clusters investigated by DFT is still below or close to the limit of 
the experimental resolution of methods allowing for a simultaneous determination of atomic 
structure and composition of the clusters. These small clusters may be considered as nuclei 
for further structural evolution and growth during which a selection of the most favored 
cluster structures could occur.  
In the second part of the work four different cluster structures are used to investigate 
their ability to trap irradiation defects He, v and SIA. These defects are inserted on different 
positions inside and in the environment of the clusters, the total energy of the corresponding 
supercell is minimized by DFT, and the binding and incorporation energy of the three kinds of 
defects is determined. He in the center of a CL cluster is more stable than on interfacial vacant 
sites (IVS). In CL O-Y clusters, He on an IVS is more stable than in clusters with oxygen in the 
center, whereas there is no significant difference between the two kinds for clusters with Ti. 
Up to a distance of 1.5 times the iron lattice constant from the cluster center He is not stable 
on most of the octahedral and tetrahedral interstitial sites in the Fe matrix. Instead, He is 
shifted towards positions closer to the cluster. Relaxation occurs to known IVS as well as to 
previously unknown interfacial interstitial sites (IIS). Moreover, two or three He atoms are 
placed on sites found to be stable after adding a single He. The corresponding binding and 
incorporation energies obtained after relaxation are nearly equal to the sum of the values for 
the interaction with a single He atom. However, placing He dimers or trimers in the 
environment of a vacancy that belongs to the cluster may also lead to relatively low values of 
the incorporation energy. Also, He jump barriers between interfacial sites and the center of 
CL clusters are determined. In the CL O-Y cluster, the barriers are lower than in the CL O-Y-Ti 
cluster, i.e. trapping and release of He is easier in the former than in the latter. The main 
 
 
 
reason for the high He trapping efficiency is the low electron density in the empty regions of 
the oxide-like structure of the clusters. Vacancy and SIA interaction with the clusters is also 
attractive. The binding energy of a vacancy strongly depends on the site where the vacancy is 
inserted while in all the studied cases the SIA is annihilated at the cluster-iron interface. 
Present results clearly demonstrate that the oxide-based nanoclusters are strong traps for 
irradiation-induced defects, which is in agreement with experimental findings.  
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1. Introduction 
 
 
1.1 Introduction 
Growing energy demands, reduction of CO2 emission on energy production and 
possible alternative for fossil fuels increase interest on nuclear power plants including both 
fission and fusion reactors. The power generation from fossil fuel contributes to significant 
greenhouse gas emissions, which influences the climate change trend. Opting for nuclear 
power plant leads to advantage of pollution less power production. For many decades 
scientists are developing the nuclear power plants in many aspects [1-4]. The viability of 
nuclear power production depends on the performance of structural materials under the 
harsh conditions in nuclear plants [5-7]. The structural materials of nuclear plants face burdens 
such as combination of intense radiation fluxes, high temperature, high stresses, chemically 
aggressive coolant etc., [6, 7]. The major issues experienced by structural materials are varying 
according to the operating temperature and irradiation damage levels. These problems are 
characterized into radiation hardening and embrittlement (<0.4TM, >0.1 dpa), phase 
instabilities due to irradiation-induced precipitation (0.4-0.6TM, >10 dpa), irradiation creep 
(<0.45TM, >10 dpa), void swelling (0.3-0.6TM, >10 dpa), and high temperature embrittlement 
(>0.50TM, >10 dpa) [6-8]. The terms in the parenthesis represent the operating condition 
characterized in units of melting temperature of the structural material TM , and in units of 
displacements per atom (dpa) caused by irradiation. Irradiation effects are mainly caused by 
the formation of vacancies, self-interstitial atoms, and the incorporation of the transmutation 
product He [9, 10].  
 
1.2 Structural Materials  
The choice of structural materials for nuclear plants (for reactor vessel and fuel 
cladding tubes) is highly important for reactor stability and efficiency. Essential demands for 
structural materials are mechanical strength, ductility, toughness, dimensional stability, 
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fabricability, heat conductivity, radiation resistance including low susceptibility to induced 
radioactivity and optimum neutron absorption, etc. [2]. Generally, materials with high 
strength offer low ductility and vice versa. Fcc iron-based alloys are high ductile and bcc alloys 
provides high strength. In addition, bcc materials provide little work hardening compared with 
the fcc materials. The material selection varies according to the goals of nuclear plant 
generation. In a generation GEN IV fission reactor the maximum irradiation dose will be 30-
100 dpa, the operation temperature will be between 600-1000 °C, and the He concentration 
is estimated to be ~3-10 appm [11]. In other advanced nuclear reactors for fission and fusion 
the challenges for properties of structural materials are similar or higher. Simple austenitic 
stainless steels of type-316 and type-304 (with fcc structure of the iron matrix) were utilized 
as core component alloys for prototypes and demonstration fast breeder reactors [12], but 
exhibited significant void swelling. In Fig. 1.1, void swelling due to irradiation in different alloys 
is compared. On the other hand, austenitic stainless steels were still favored for fuel pin 
cladding due to their strength characteristics up to 650 °C [13]. For this application, the 
swelling resistance was improved using cold worked Ti, P, and Si modified austenitic stainless 
steel. This material contains fine-scale and disperse trapping centers for He and intrinsic point 
defects and has increased creep resistance due to dislocation pinning at these precipitates. 
However, even such an advanced austenitic stainless steel still shows significant swelling 
compared to ferritic or ferritic/martensitic (FM) steel. Also the induced radioactivity due to 
presence of Ni is an essential problem. 
During irradiation FM steel exhibits a lower dislocation bias due to the prevailing bcc 
structure of the Fe matrix. In this manner the excess of vacancies is lower than in austenitic 
material which leads to slower formation of embryonic cavities with He and vacancies and 
slower subsequent void growth and, consequently, to less swelling. FM steels also possess 
higher thermal conductivity and lower thermal expansion than austenitic steels, which 
provide improved resistance to thermal stresses for a reactor operating in a pulsed mode [14]. 
The addition of Cr leads to corrosion-resistant FM steels. On the other hand, the ductile-brittle 
transition temperature (DBTT) of the material should be as low as possible. For 9 % Cr content 
this temperature is lowest. As compromise between high corrosion resistance and low DBTT  
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Fig. 1.1: Comparison of swelling in different alloys due to irradiation. The figure is from Ref. [12] 
 
in practice the Cr content is chosen between 9 and 12 %. As already mentioned above the 
irradiation level in advanced reactors is significant so that some alloying elements in FM Fe-Cr 
steel become highly radioactive. In order to lower the induced radioactivity Reduced 
Activation FM steel was developed where alloying elements such as Mo and Nb were replaced 
by W and Ta, respectively (see e.g. [15]). However, the utilization of FM steels is limited to the 
temperature range of 550–650 °C due to the decrease of tensile and creep strength above 700 
°C [5]. For high temperature application, further development of structural materials is 
required. This led to the concept of Oxide Dispersion Strengthened (ODS) steels, also called as 
Nanostructured Ferritic Alloys (NFA). Furthermore, a promising alternative concept, called 
Castable Nanostructured Alloys (CNA) is presently discussed, which is based on RAFM Fe-Cr 
steel with MX nanoclusters, with M=V, Ta, or Ti, and X=C, or N (see e.g. [16] ). While ODS steels 
must be obtained using cost-intensive powder metallurgy, CNA may be produced using 
conventional casting technology. 
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1.3 Oxide Dispersion Strengthened (ODS) steels 
For the first time Fisher [17] produced 13–25% Cr ODS ferritic steels  via the 
mechanical alloying and subsequent hot extrusion powder processing route. These materials 
were marketed in the 1980s as MA956 and MA957. ODS steels contain a high density of 
uniformly distributed oxide-based nanoscale particles or nanocluster. ODS steels or 
ferritic/martensitic steels (FM) are promising candidates for structural materials of future 
nuclear fusion and fission reactors [18-22]. Compared to FM steel the NFA exhibit two 
remarkable properties: (i) High-temperature stability: Up to about 1200 °C the number and 
size of the oxide nanoparticles do not change considerably [18, 21-23]. This leads to 
significantly improved high-temperature yield and creep strength since mobile dislocations 
can be effectively blocked by the nanoclusters [18, 19, 21]. (ii) Radiation resistance: The 
nanoclusters can act as sinks for intrinsic point defects and helium. In this manner irradiation 
swelling can be retarded significantly [18, 21, 22]. Also, a reduction of radiation hardening is 
found in comparison with conventional Fe-Cr FM alloys [21]. Furthermore, the nanoclusters 
are relatively stable against very high-dose irradiation at elevated temperature as 
demonstrated by ion irradiation [22]. The nanoclusters contain Y and O which have a very low 
solubility in bcc Fe [24]. Thus, conventional casting techniques are not viable for introducing Y 
and O into the FeCr matrix.  
NFA are produced by means of powder metallurgy which involves the following main 
technical steps: (i) high-speed milling of Y2O3 (yttria) particles and mechanical alloying with 
particles obtained by gas atomization of advanced Fe-Cr alloys that may contain small 
concentrations of other metals (Ti, Zr, etc.), (ii) hot consolidation (hot isostatic pressing, hot 
extrusion, or spark plasma sintering), and (iii) further thermal and mechanical treatment. An 
example is depicted in Fig. 1.2. It was demonstrated that the addition of Ti reduces the average 
size of the oxide nanoparticles which may improve the high-temperature strength as well as 
radiation resistance [18, 19, 21]. It is generally assumed that in the production of ODS steels 
Y2O3 is dissolved by the high-speed milling, and that during the subsequent thermal processing 
the O-Y-Ti or O-Y (if Ti is not present in the alloy) nanoclusters are formed [21]. Mechanical 
alloying creates a lot of open volume and corresponding vacancies, di-vacancies etc. were 
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found near solute atoms such as O and Y [25]. This leads to the formation of metastable nuclei, 
which may be further transformed in the subsequent thermal treatment. The density and 
configuration of the nanoclusters observed after all production steps strongly depends on the 
processing route applied and corresponds to a certain metastable thermodynamic state.  It 
must be also mentioned that the existence of vacancies is a precondition for the volume 
diffusion of Y and Ti in bcc Fe (cf. [26, 27]) which may occur during the annealing stage, but 
for Y dislocation pipe diffusion was also discussed [21].  
The formation of ODS material as well as the properties of the nanometer-size oxide 
clusters and the reasons for their high-temperature stability and radiation resistance are not 
yet fully understood [18-22, 28], although continuous progress has been made by 
experimental investigations with advanced analytical tools such as high-resolution or scanning 
and element-specific Transmission Electron Microscopy (TEM), Atom Probe Tomography 
(APT), Small-Angle Neutron Scattering (SANS), Small-Angle X-ray Scattering (SAXS), Positron 
Lifetime Spectroscopy (PLS), and X-ray diffraction (XRD). There exists a plethora of papers 
concerning the nature of the O-Y-Ti or O-Y nanoclusters. In a recent review paper the 
properties of the most relevant clusters with a size below about 5 nm were discussed [21]. It 
was stated that several distinct atomic configurations were proposed by the different authors, 
in particular nonstoichiometric crystalline or amorphous structures, which may contain 
vacancies and Fe atoms (see also [29]), a rock salt structure, as well as near stoichiometric 
Y2O3, or Y2Ti2O7 and Y2TiO5 oxides. In the review paper it was concluded that the near-
stoichiometric oxide structures should be most probable, with different orientation 
relationships with regard to the bcc host crystal [21, 30]. An interesting example is the work 
of Sakasegawa et al. [31] who analyzed the chemical composition and size of Y-Ti-O 
nanoclusters in the ODS alloy MA957 using Field-Emission-Gun TEM and Energy Dispersive X-
ray Spectrometry. One of their results is given in Fig.1.3. The data show that up to a size 15 
nm the ratio Y/Ti is less than 1. For nanoclusters with sizes larger 20 nm the Y/Ti ratio saturates 
at a level between 1 and 1.5. This was interpreted by the existence of a large percentage of 
clusters with Y2Ti2O7 and Y2TiO5 stoichiometry. The findings of Sakasegawa et al. [31] 
demonstrate that the composition and structure of nanoclusters may vary with size and the  
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Fig. 1.2: Schematic of steps involved in ODS alloys production. i) ball milling of yttria, ii) mechanically 
alloying (MA) of Y and O with metal powders, iii) canning, vi) hot consolidation (extrusion), and post 
consolidation thermal and mechanical treatment. The sketch is taken from Ref. [16] 
 
 
 
Fig. 1.3: Y/Ti ratio of nanocluster in the MA957 ODS alloy. The figures is from Ref. [31]. 
 
most abundant and relevant small cluster may be non-stoichiometric oxides. On the other 
hand, London et al. [32] considered three different ODS steels Fe-0.3Y2O3 , Fe-0.2Ti-0.3Y2O3 
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and Fe-14Cr-0.2Ti-0.3Y2O3 to probe effect Ti and Cr on structure and chemistry of nanoclusters 
using TEM, APT and synchrotron-XRD. Their result reveals that Ti and Cr addition reduces 
nanocluster size. The energy-filtered TEM measured mean size of nanoclusters are 9.6 nm in 
Fe-0.3Y2O3, 7.7 nm in Fe-0.2Ti-0.3Y2O3, and and 3.7 nm in Fe-14Cr-0.2Ti-0.3Y2O3. APT results 
show that Cr segregates as shells around the nanoclusters. Combining TEM and XRD analysis 
predicts that nanoclusters are stoichiometric oxides, i.e. monoclinic and bcc-Y2O3 in Fe-
0.3Y2O3, fcc- Y2Ti2O7, as well as orthorhombic Y2TiO5 in Fe-0.2Ti-0.3Y2O3 and Fe-14Cr-0.2Ti-
0.3Y2O3. Many experimental studies were performed in order to investigate the properties of 
the most abundant and relevant small clusters under irradiation. For example, Edmondson et 
al. [33] showed by combined APT and TEM analysis of He-ion implanted samples that about 
50% of the He bubbles are located on nanoclusters, the rest on coarse precipitates, 
dislocations, grain boundaries, and on matrix sites. Nano-indentation based analysis on 
radiation induced hardening concludes that the nanoclusters are the most important sinks for 
point defects created by Fe-ion implantation [34].  
Besides experimental investigations with advanced analytical methods atomic-scale 
theoretical studies and computer simulations can significantly contribute to improve the 
knowledge on structure and properties of the Y-O and Y-Ti-O nanoclusters in NFA. In particular 
the structural and energetic properties of these nanoclusters were studied by many 
theoretical studies [35-45]. A detailed review on the literature will be given in chapter 3. 
Atomic-scale theoretical investigations and computer simulations can also essentially 
contribute to the understanding of the interaction of the nanoclusters with He atoms, 
vacancies, and self-interstitial atoms. Several authors performed Density Functional Theory 
(DFT) calculations in order to investigate the He storage in the pure oxides (in Y2O3, Y2Ti2O7, 
and Y2TiO5) [46-53], at the interface between oxide and bcc Fe [54-56], and in a system with 
the bcc Fe matrix containing O-Y and O-Y-Ti oxide clusters [45, 57, 58]. These studies revealed 
that in these oxides the He incorporation energy is significantly lower than in pure Fe. A 
detailed discussion of theoretical literature on storage capabilities of the nanoclusters for He, 
vacancies and self-interstitial atoms will be performed in chapter 4. 
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1.4 Objectives and overview of the thesis 
Despite the theoretical work done by several authors there are still many open 
questions concerning the structure and  stability of the nanoclusters and the their interaction 
with He and intrinsic point defects. Using density functional theory the following main issues 
are addressed in this thesis:  
 For the given numbers of Y, Ti, O atoms and vacancies, what are possible structures 
of the nanoclusters within a bcc Fe matrix, and what is the stability or energetics of 
these configurations? 
 How the nanoclusters influence and trap irradiation-induced defects such as He, 
vacancies and self-interstitial atoms? 
The thesis consists of five chapters and two appendices: 
Chapter 1: Introduction 
Chapter 2: Computational methods 
First, the basis of density functional theory (DFT) is presented. Then the choice of the 
suitable parameters for obtaining correct results, such as plane-wave energy cutoff and 
number of k-points for Brillouin zone integration is explained. In the second part, the Nudged 
Elastic Band (NEB) method to determine migration barriers is shortly elucidated. 
Chapter 3: Investigation of different structural models for O-Y and O-Y-Ti clusters in bcc Fe  
Six different cluster structures are considered and the particular ground-state 
configurations and energetics are determined by DFT calculations. The results are compared 
for given number of O, Y, and Ti and vacancies in these clusters. Changes of cluster structure 
and energetics caused by adding additional O atoms to a given structure are studied. Also 
selected barriers for O jumps in the region of the cluster are investigated. 
Chapter 4: Interaction of O-Y and O-Y-Ti clusters embedded in bcc Fe with He, vacancies and 
self-interstitial atoms 
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Most stable ground-state cluster configurations obtained in chapter 3 are considered to 
investigate their influence on irradiation-induced defects, namely He, vacancies, and self-
interstitial atoms. Using DFT the binding energy of the defects to the cluster is calculated and 
the relaxed atomic configurations are determined. Furthermore, some barriers for He jumps 
from the rim of the cluster to the cluster center are calculated.  
Chapter 5:  Conclusions and outlook 
Appendices 
Appendix-A: Construction schematics and optimized results for Chapter 3 
Appendix-B: Construction schematics and optimized results for Chapter 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
X  -------------------------------  X 
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2. Computational method 
 
 
2.1 Fundamentals of Density Functional Theory 
The Density Functional Theory (DFT) is based on the seminal work of Hohenberg, Kohn, and 
Sham [59, 60]. In textbooks, different formulations of the Hohenberg-Kohn theorem(s) can be 
found. The subject is the (nondegenerate) ground state of an interacting many-electron 
system under the influence of an external (e.g. lattice) potential. The most important 
statements are: 
The ground-state energy of the system is a unique functional of the ground-state electron 
density. The electron density that minimizes the energy functional is the true ground-state 
electron density which corresponds to the full solution of the many-electron Schrödinger 
equation. 
In this manner, the problem of solving the many-electron Schrödinger equation, with the 
ground-state wavefunction depending on 3N coordinates is replaced by the search for the 
minimum of the energy functional with respect to the electron density which depends only on 
three spatial coordinates. 
 
The energy functional may be written in the following manner 
[ ( )] [ ( )] [ ( )] [ ( )]E n r T n r V n r U n r               (1) 
where n , T , V , and U are the electron density, and the functionals of the kinetic energy, 
of the potential energy due to the external potential, and of the potential energy of the 
electron-electron interaction, respectively. In the case of a solid the expression for V  is 
 
3[ ( )] ( ) ( )enV n r V r n r d r                 (2) 
The potential enV  describes the Coulomb interaction (attraction) between one electron and 
12 
 
 
the nuclei in a lattice. The quantity U describes the electrostatic interaction (repulsion) 
between the electrons, as well as their interaction due to the quantum-mechanical exchange 
and correlation effects  
 
2
3 3( ) ( ')[ ( )] ' [ ( )] [ ( )]
2 | ' |
x c
e n r n r
U n r d r d r E n r E n r
r r
  

        (3) 
Furthermore, it is assumed that the kinetic energy T  can be written in the same manner as 
in the case of a non-interacting electron system 
2 2
* 3
1
( ) ( )
2
N
i i
i
T r r d r
m
 

 
  
 
              (4) 
This relation is obtained by assuming that the total wavefunction is given by the Slater 
determinant which consists of a well-defined arrangement of single-particle wavefunctions 
i . The corresponding electron density is 
 
2
1
( )
N
i
i
n r r

                                        (5) 
with 
 
2
3 1i r d r   
Note that 
r

 

, and  is the Planck constant divided by 2 , and m  is the electron 
mass. Using Eq. (4) in the expression for [ ( )]E n r , one implicitly assumes that the (still 
unknown) ground-state electron density may be related to an unknown single-particle 
Hamiltonian. This is not an explicitly verified fact. However, Eq. (4) is generally used in DFT, 
since the consideration of single-particle wavefunctions simplifies the formalism. Moreover, 
approximations must be employed for the functionals [ ( )]xE n r  and [ ( )]cE n r  so that the 
ansatz (4) is not the only uncertainty. On the other hand, a proper choice of these functionals 
may compensate the error made using Eq. (4).    
The clear relation between ( )n r  and ( )i r  enables to perform the minimization of 
[ ( )]E n r  with respect to ( )i r  
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 * 2 3
1
[ ( )] ( ) 1 0
i
N
i i
i
E n r r d r

  

 
   
 
            (6) 
which leads to the Kohn-Sham (KS) equations 
2 2
2 3 [ ( )] [ ( )]( ')( ) ' ( ) ( )
2 | ' | ( ) ( )
x c
en i i i
E n r E n rn r
V r e d r r r
m r r n r n r
 
  
 
 
      
 
      (7) 
that corresponds to a single-electron Schrödinger equation for i  and i  with an effective 
potential. Strictly speaking, i  and i are auxiliary quantities to be used to determine the 
electronic density ( )n r . On the other hand, in practice these quantities are employed to 
determine certain ground-state properties as momentum distribution of electrons etc. 
The Kohn-Sham equations are solved iteratively: At first an initial or trial electron density is 
defined. Then, the single-electron wavefunctions i  are determined by solving the Kohn–
Sham equations using the initial electron density or that from the preceding iteration step. 
Afterwards, a new electron density is calculated by Eq. (8) using the solutions i  of the 
Kohn–Sham equations. If the new electron density is nearly equal to that determined in a 
preceding iteration step, it can be used to compute the total energy E . Otherwise a further 
iteration must be performed. In the present work the Vienna Ab-initio Simulation Package 
(VASP) [61] is used to treat the KS equations. This program uses pseudopotential in order to 
describe the contribution of the core electrons of atoms in the lattice. That means that the 
effective potential in the KS equations is modified accordingly, and then ( )i r  are the 
corresponding single-particle wavefunctions of the valence electrons. In VASP plane-wave-
type functions are used for ( )i r .   
( )
, ,
( ) ( )ikr ikr iGr i k G r
k k k G k G
G G
r e u r e c e c e                          (8) 
where k  is the wave vector, and G  is a reciprocal lattice vector. The function ( )
k
r is 
chosen in such manner that the Bloch theorem (for periodic lattice structures) is valid 
 ( ) ( )ikR
k k
r R e r                  (9) 
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with R  as a lattice vector in the real space. Note that in the single-particle wave function the 
state is not only characterized by k  but also by the spin variable which is not shown here 
explicitly 
 
2.2 Pseudopotentials 
Solving Eq. (7) involves all electrons in the system, which makes computational task 
tedious. The chemical bonding and other physical characteristics of materials depend on the 
valence electrons and not on core electrons. Therefore it can be a great advantage to describe 
core electrons approximately, which strongly reduces the number of plane waves necessary 
in a calculation. This is done using pseudopotentials (PP), where the density of core electrons 
is replaced by a smoothed density chosen to match various important physical and 
mathematical properties of the real core electrons. Hence, the PP concept is based on the idea 
of freezing core electrons and considering only the valence electrons are active. This is called 
as frozen core approximation. Each PP defines a maximum energy that should be used in 
calculations, called as cutoff energy (see following section). PPs that require higher and lower 
cutoff energy are called hard and soft pseudopotential, respectively. Vanderbilt [62] 
developed so-called ultrasoft pseudopotentials (USPPs) with rather low cutoff energies. 
However, the construction of USPPs requires a number of empirical parameters to be 
specified. An improved approach within frozen core concept that avoids some of the 
disadvantages of USPPs was developed by Blöchl [63] and is called projector augmented-wave 
(PAW) method. PAW PPs were later adopted for plane-wave calculations by Kresse and 
Joubert [64]. They did extensive comparison of USPPs, and PAW PPs calculations for molecules 
and extended solids. Their results show that both USPPs and PAW PPs produce essentially 
identical results in many case. For magnetic materials and materials with atoms that have 
large differences in electronegativity, the PAW PPs give more reliable results than USPPs [64]. 
Detailed descriptions of these PPs are available elsewhere [65, 66]. Based on above facts we 
selected PAW PPs for all our work, which deals with atomic clusters in ferromagnetic bcc Fe 
with cluster atoms of very different electronegativity. 
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2.3 Exchange and Correlation Functionals 
Correct expressions for  
[ ( )] [ ( )] [ ( )]
( ) ( ) ( )
xc x cE n r E n r E n r
n r n r n r
  
  
              (10) 
are not available. Therefore, approximations must be used. They are mainly based on results 
for the homogeneous electron gas with a positively charged homogenous background 
introduced for reason of charge compensation. This model system is also called jellium. That 
means that the functional dependence of /xcE n   on the (constant) electron density of 
the jellium is also used for the nonhomogeneous case treated in DFT. Within so-called Local 
Density Approximation (LDA) [67, 68] /xcE n   is only a function of the electron density at 
position r   
 
[ ( )]
( ( ))
( )
LDAxc
xc
E n r
V n r
n r


                (11) 
 
The next level of approximation is to include the local gradient of the electron density in 
addition to the local density. This is called Generalized Gradient Approximation (GGA) [65, 66, 
69, 70]. 
 
   
[ ( )]
,
( )
GGAxc
xc
E n r
V n r n r
n r


                 (12)  
 
Commonly used functionals are the Perdew–Wang functional (PW91) [71, 72] and the 
Perdew–Burke–Ernzerhof functional (PBE) [73]. Since in real systems the electron density may 
not be homogenous, the inclusion of electron density variations by GGA may result in a more 
reliable theoretical treatment. 
Other forms of the exchange-correlation functional are meta-GGA and Hyper-GGA 
functionals. Meta-GGA includes second derivative of electron density  2n r  and in Hyper-
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GGA a combination of different functional are used. Tao-Perdew-Staroverov-Scuseria (TPSS) 
functional is an example for meta-GGA and B3LYP functional is typical example for Hyper-GGA. 
In our work we use the PBE-GGA functional. 
 
2.4 Parameters setting in this work 
2.4.1 Plane wave cutoff energy 
In practice the sum in Eq. (8) can be only considered up to a fixed energy cutoff cutE  and 
all expansion coefficients 
,k G
c  related to a plane wave with a kinetic energy 
2 2( )
2
cut
k G
E
m

  are neglected. In general the contribution from higher Fourier components 
or large k G  is small. In this work cutE  was set to 500 eV. Fig. 2.1 shows that this is a 
proper value for bcc Fe which is the host material for the atomic cluster investigate in this 
work. In the calculations of the data shown in Fig. 2.1 the iterative solution of the KS equations 
is terminated when the difference between the total energy values of two successive iteration 
steps fell below 10-6 eV. The calculation was performed for a bcc Fe unit cell containing two 
Fe atoms and an optimum k -point grid (see below) was used. 
 
2.4.2 k-point sampling 
DFT calculations are often performed considering supercells that contain a certain part 
of the solid of interest, and in many cases periodic boundary conditions are applied. In this 
manner, the translational invariance of the considered materials is exploited. The supercell 
can be also represented in the reciprocal space as the (first) Brillouin zone. On the other 
hand, electron density and other quantities are represented by integrals over the Brillouin 
zone, e.g.  
 
2
3
,
( )
occ
i k
i BZ
n r r d k                 (13) 
Using crystal symmetry the size of the BZ can be still reduced to the so-called Irreducible 
Brillouin Zone (IBZ) [65, 66]. Nowadays simulation packages employ special algorithms to 
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generate a k -point grid for the IBZ. The Monkhorst-Pack method [74] is a widely adapted  
 
 
Fig. 2.1: Total energy of a bcc Fe unit cell and the magnetic moment per atom for different values of 
the plane wave cut-off energy.  
 
 
Fig. 2.2: Total energy of a bcc Fe unit cell and the magnetic moment per atom for integration over 
the IBZ using different k -point grids. 
 
scheme used for integration over the IBZ and is also employed in this work. Likewise energy 
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cutoff, the k -point grid should be optimized with respect to most relevant physical 
properties. Fig. 2.2 shows the convergence of total energy of bcc Fe unit cell and of the 
magnetic moment per atom with respect to the number of k -points. The Brillouin zone 
integration introduces complex problems when the system in metallic due to the partial filling 
of the band. This problem can be resolved by considering a very fine k -point grid, which 
ultimately requires lot of computational resource. A more sophisticated approximation to the 
occupation function can be done using Methfessel and Paxton method [75]. This method 
utilizes Hermite polynomials to replace the step-like occupation function.  
The data depicted in Fig. 2.2 were obtained in the following manner. First an initial guess 
for a k -point grid is used and the energy cutoff is varied until convergence (precision of total 
energy: 10-6 eV). This procedure is repeated for finer k -point grids. Finally, convergence with 
respect to energy cutoff as well as k -point sampling is found. Figs. 2.1 and 2.2 demonstrate 
that a 9x9x9 k -point grid as well as the cutoff of 500 eV are enough to get optimum values 
of total energy and magnetic moment. 
 In the present work supercells consisting of several bcc Fe unit cells are considered in 
order to study the embedded clusters containing O, Y, and Ti atoms as well as vacancies. A 
larger cell in real space corresponds to a smaller BZ in the reciprocal space. Therefore, in this 
case a smaller number of k -points can be used in the integration over the IBZ. In this work a 
3x3x3 k -point grid is used in calculations with supercells consisting of 4x4x4 unit cells, 
whereas a 3x3x3 or a 2x2x2 grid is employed for a supercell with 5x5x5 unit cells. In all these 
cases an energy cutoff of 500 eV is used. 
 
2.5 Calculation of the migration energy or barrier  
Atoms or defects can diffuse from one (meta) stable site to another (meta) stable site of 
the crystal lattice provided enough energy is supplied via temperature. On the diffusion path 
the atom or defect must overcome an energy barrier (see Fig. 2.3). The Nudged Elastic Band 
(NEB) method [76, 77] employed in the present work is one of the most precise procedures to 
determine the migration energy barrier. In the NEB procedure the minimum-energy states 
before and after a diffusive jump are connected by a number of images. Each image 
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corresponds to a certain state of the whole supercell. The 3N dimensional vectors R i  and 
Fi  characterize the positions of and the forces on N  atoms of image i . For these images a 
restricted relaxation of both the electronic states and the atomic positions is performed using 
the DFT calculation procedure. The NEB force on image i  is given by  
 1 1
NEB sp
i i i i i i i i iK
 
       F F F F R R R R                              (14) 
where 
i  is the normalized local tangent at image i  which may be determined using the  
1 1
1 1
R R
R R
i i
i
i i
  
 



                 (15) 
and 
( )F F Fi i i i i 
                    (16) 
is the perpendicular part of the true force Fi  on image i , and K  is the spring constant. In 
Eq. (14) the spring force allows the band to maintain a spread distribution of images, while 
the perpendicular part of the true force pushes the band towards the minimum energy path 
(MEP). The real MEP with the migration barrier is obtained if the NEB force approaches zero, 
i.e. if the NEB force on all atoms in the supercells of the different images becomes lower than 
a given threshold. Therefore, NEB calculations consist of a number of iteration steps.  
 The standard NEB method does not guarantee that one of the images is located exactly 
at the saddle point or maximum of the MEP, which corresponds to the migration barrier. This 
value can be determined accurately using the climbing-image NEB [78] using the 
configurations of the images obtained by the standard NEB. In this algorithm the image with 
the highest energy is identified, and the total force acting on this image is no longer defined 
by Eq. (14), but is replaced by a modified total true force, where the component along the 
tangent is reversed: 
 
,max ,max ,max ,maxF F -2F
NEB
i i i i                (17) 
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The negative parallel component of the true force pushes the image upwards towards the 
saddle point or maximum, whereas the perpendicular component prevents the image to climb 
sideways.  
           
 
                  Fig. 2.3: Scheme of a diffusive jump 
 
The accuracy of NEB calculations depends on the number of images considered. More evenly 
spaced images give more accuracy. But this leads to long computing times. In this work we 
always use three images. Test calculations with more images clearly show that this choice is 
sufficient.  
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3. Investigation of structural models for O-Y and 
O-Y-Ti clusters in bcc Fe 
 
 
3.1 Introduction 
The technique of ODS production is given in chapter 1. Due to the complexity of the 
procedure employed in the formation of NFA and the different production routes that may be 
used, the various experimental ex-situ methods analyze a certain state at the end of the 
thermal processing. It cannot be expected that this state correspond to a full thermodynamic 
equilibrium. Therefore, the clusters observed should be related to different stages of their 
evolution. Indeed, structural and compositional analyses reported different results. This is also 
caused by the different analysis methods applied. There exists a plethora of papers concerning 
the nature of the O-Y-Ti or O-Y nanoclusters. In a recent review paper the properties of the 
most relevant clusters with a size below about 5 nm were discussed [21]. It was stated that 
several distinct atomic configurations were proposed by the different authors, in particular 
nonstoichiometric crystalline or amorphous structures, which may contain vacancies and Fe 
atoms (cf. e.g. also [29]), a rock salt structure, as well as near stoichiometric Y2O3, or Y2Ti2O7 
and Y2TiO5 oxides. In the review paper it was concluded that the near-stoichiometric oxide 
structures should be most probable, with different orientation relationships with regard to 
the bcc host crystal [21].   
Besides experimental investigations with advanced analytical methods atomic-scale 
theoretical studies and computer simulations can significantly contribute to improve the 
knowledge on structure and properties of the nanoclusters in NFA. Finding a 
thermodynamically or energetically favored structure of a small cluster (or precipitate) of 
foreign atoms in a given host matrix is a very general task to be solved in various fields of 
computational materials science. In this chapter, detailed search for most stable ground state 
configurations of small O-Y and O-Y-Ti clusters in bcc Fe is focused. Due to the requirements 
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for computational resources in DFT calculations, the cluster size does not exceed 1 nm. These 
clusters may be considered as nuclei for further structural evolution and growth. At elevated 
temperature vibrational, configurational, and other contributions to the free energy (cf. [79, 
80] and references therein) may influence the thermodynamic stability of the clusters. 
Consideration of these effects are out of scope of this chapter.  
This chapter is organized as follows. At first the distinct structural models for the O-Y and 
O-Y-Ti clusters are introduced. The following section explains the DFT method which is 
employed in relaxation calculations in order to determine the most stable state of the 
particular cluster. In the main part results on structure and energetics of the relaxed 
configurations are presented and discussed in detail. In particular the data obtained for 
different models are compared and conclusions are drawn from present findings. Finally, the 
results are shortly summarized. 
 
3.2 Structural models for O-Y and O-Y-Ti clusters 
Different basic assumptions may be used in modeling of O-Y and O-Y-Ti clusters in bcc Fe. 
On the one hand, one may look for a matching between structures of known oxides with the 
bcc host lattice. In this work this is done by inserting a part of the Y2O3 bixbyite structure or a 
part of the Y2Ti2TiO7 pyrochlore structure into bcc Fe (Structure Matching model – SM). Due 
to the limitation of the size of the supercell in DFT calculations, the maximum extension of the 
oxide cluster is less than one eighth of the bixbyite and pyrochlore unit cells. Figs. 3.1 and 3.2 
depict the incorporation of these octahedron-like clusters into bcc Fe. The {100} planes of the 
oxides match with that of bcc Fe, and the maximum dimensions of the clusters along the <100> 
directions are rather similar to four times the lattice constant of iron. The details of the 
incorporation are illustrated in the Appendix-A [App-A]. The SM model studied in this work 
corresponds to that used by Barnard et al. [35] On the other hand, cluster structures may be 
also built considering the most stable point defect configurations in bcc Fe, i.e. O on octahedral 
interstitial sites as well as Y and Ti on substitutional sites and vacancies on bcc sites (Point 
Defect model-PD) [37, 38, 42, 81]. Using the PD model atomic structures similar to those 
shown in Figs. 3.1 (a) and 3.2 (a) were constructed. Fig. 3.1 (c) shows the PD model in the case 
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where O and Y atoms as well as vacancies belong to the cluster. If the cluster consists of O, Y, 
and Ti atoms and vacancies two configurations PD-1 and PD-2 are possible [Figs. 3.2 (c) and 
3.2 (e)].  A proper comparison between the atomic configurations and the energetics is only 
possible if the same number of Fe, O, Y, and Ti atoms is used in the different structural models. 
In the SM model shown in Fig. 3.1 (a) [3.2 (a)] the composition of the supercell consists of 6 
O, 6 Y [3 Y, 3 Ti] and 113 Fe atoms. In this work all bcc sites not occupied by metal atoms (Fe, 
Y, Ti) are counted as vacancies (v). That means that all O atoms are assigned to vacancies. The 
reason for such a definition becomes clear by considering the corresponding clusters in the 
PD model [Figs. 3.1 (c), 3.2 (c), and 3.2 (e)]. Here each O atom on an octahedral interstitial site 
is related to a nearby vacancy. Furthermore, there are still three additional vacant sites and 
the supercell consists of the same number of Fe, O, Y (or Y and Ti) atoms as in the case of the 
SM and AS (see below) models. In the following the clusters depicted in the figures are 
denoted by 6O9v6Y (Fig. 3.1) and 7O9v3Y3Ti (Fig. 3.2). It should be noticed that compared to 
pure Y2O3 and pure Y2Ti2TiO7 these clusters are depleted in oxygen. As illustrated above the 
SM and PD models may be considered as certain limiting cases. Other models are also possible, 
e.g. Y, Ti, but also O, can be placed on Fe sites [All Substitutional model – AS, Figs. 3.1 (e) and 
3.2 (g)] using a cluster geometry similar to that shown in Figs. 3.1 (a) and 3.2 (a).  
SM, PD, and AS are cage-like models since there is a vacant bcc site in the center of the 
cluster. Alternative models may be built by placing an atom in the cage. For a comparison with 
the original SM, PD, and AS models the composition of the clusters must be kept. This may be 
achieved by shifting one oxygen, Y, or Ti atom of the original SM, PD, or AS cluster model to 
the center site. In this work alternative models built by the shift of an O atom are studied. 
Several distinct choices for shifting an O atom towards the center of 6O9v6Y must be 
considered: (i) SM: 2 choices (SM-OC1 and SM-OC2 models), (ii) AS: 2 choices (AS-OC1 and 2). 
The O atom to be shifted in the models SM-OC1, SM-OC2, etc. are marked in Figs. 3.1 (a) and 
3.1 (e). To be consistent with the point defect picture, within the framework of the PD model 
one oxygen atom is shifted to an octahedral interstitial site close to the vacancy in the center. 
For 6O9v6Y there exist 8 choices for such shifts, cf. arrows and numbers in Fig. 3.1 (c). Still 
more choices for shifts of an O atom towards the center vacant site are possible in the case of 
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the 7O9v3Y3Ti clusters. Here only the SM and AS models are considered and the choices are 
the following: (i) 7 choices SM-OC1-7, and (ii) 7 choices AS-OC1-7, cf. arrows and numbers in 
Figs. 3.2 (a) and 3.2 (g).  
 
    
 
 
Fig. 3.1: Structure Matching (SM) (a,b), Point Defect (PD) (c.d), and All Substitutional (AS) (e,f) 
models for 6O9v6Y clusters. The left (a,c,e) and right (b,d,f) figures depict the supercell with the 
cluster before and after relaxation by DFT calculations, respectively. Red, green, gray, and yellow 
spheres show O, Y, Fe atoms, and vacancies, respectively. The numbers denote the O atoms which 
are shifted to the center in order to form the OC clusters (see Fig. 3.4) 
 
For the supercells with the same composition but structures according to the different 
models DFT calculations were carried out in order to find the relaxed atomic configurations 
corresponding to a minimum energy state. The specific cluster compositions 6O9v6Y and 
7O9v3Y3Ti were chosen to illustrate differences and similarities between the results obtained 
after relaxation calculations within the framework of the given structure model. Another 
motivation for this choice is the comparison with the results of Barnard et al. [35] who 
investigated SM clusters with these compositions. Using the structures of the 6O9v6Y or 
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7O9v3Y3Ti in the SM, PD, and AS models as templates, many characteristic clusters of smaller 
size were also investigated in this manner. Details on the construction of these clusters are 
illustrated in the Appendix-A [App-A]. 
  
   
 
Fig. 3.2: Structure Matching (SM) (a,b), Point Defect (PD) (c-f), and All Substitutional (AS) (g,h) 
models for 7O9v3Y3Ti clusters. The left (a,c,e,g) and right (b,d,f,h) figures show the supercell with 
the cluster before and after relaxation by DFT calculations, respectively. Blue spheres are Ti atoms, 
the meaning of the other colors and of the numbers is explained in the caption of Fig. 3.1. 
 
3.3 Calculation procedure 
DFT calculations were performed using the Vienna ab-initio simulation package VASP [61, 
64, 82]. Projected- Augmented-Wave(PAW) [63, 83] type pseudopotentials with the Perdew-
Burke-Ernzerhof (PBE) [73] parameterization for treatment of exchange and correlation 
effects were applied to mimic positive cores and valence electrons. The spin polarized 
formalism and a plane wave cutoff of 500 eV were used. A uniform Monkhorst-Pack scheme 
[74] centered at the gamma point was considered for Brillouin zone integration. Most 
calculations were carried out for cubic bcc-Fe supercells with 128 bcc lattice sites (4x4x4 bcc 
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unit cells) and a mesh with 3x3x3 k  points. In order to check the influence of the supercell 
size on the results, in selected cases a supercell with 250 lattice sites (5x5x5 bcc unit cells )  
and 3x3x3 k  points was considered. For the integration in the k -space the Methfessel-
Paxton smearing method [75] was applied with a width of 0.2 eV. After construction of a 
cluster according to one of the structural models described above the positions of atoms as 
well as the volume and shape of the supercell were relaxed so that the total stress/pressure 
on the supercell became zero. The accuracy of such kind of relaxation calculations is 
determined by: (i) the residual force acting on any atom at a given atomic relaxation step. (ii) 
The change of the total energy between steps of energy minimization of the electronic system 
within each atomic relaxation step. In the present work calculations were performed until the 
residual force and the energy change fall below 10-2 eV/Å and 10-5 eV, respectively.  
 
3.4 Binding energy calculation 
The total binding energy of a cluster consisting of n  different monomers, i.e. O, Y, Ti 
atoms and vacancies, is defined by 
0
1 2
1
( ... ) ( 1) ( )
n
bind n i
i
E E X X X n E E X

                (18) 
1 2( ... )nE X X X    and ( )iE X  denote the total energy of supercells with the cluster  
1 2 ... nX X X    and the monomers iX , respectively, while 
0E  is the total energy of a 
supercell containing perfect bcc Fe. By definition the value of bindE  is negative if attraction 
between the atomic species dominates. The data for ( )iE X  are determined assuming O on 
octahedral interstitial sites, and Y, Ti as well as the vacancy on bcc lattice sites. As already 
mentioned in the previous section, all bcc sites not occupied by metal atoms (Fe, Y, Ti) are 
counted as vacancies. At this point it is worth mentioning that the so-called cluster formation 
energy BarnardfE  defined by Barnard et al. [35] can be easily obtained from bindE  
v
v
Barnard
f bind fE E n E                 (19) 
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where vn  and 
v
fE  are the number of vacancies in the cluster and the vacancy formation 
energy, respectively. The latter quantity is defined by 
v 01(v)f
N
E E E
N

                 (20) 
with N  as the total number of atoms in the related supercell with perfect bcc Fe. In this 
work the value of 2.169 eV was used for v
fE . This is in agreement with data in previous 
publications cf., e.g., [39] and references therein. It must be noted that the quantity BarnardfE
can be also considered as a kind of total binding energy of the cluster because it can be 
transformed to bindE  by Eq. (19). As already mentioned in section 3.2, the number of Fe, O, 
Y, and Ti atoms as well as vacancies is the same in the SM, PD and AS models considered in 
the comparative studies of this work. Due to these facts, results which are presented in terms 
of bindE  could be also presented in terms of 
Barnard
fE , and the respective conclusions would 
be equivalent. 
 
3.5 Results for SM, PD, and AS cluster models 
The relaxation of the SM configuration leads to modifications of the positions of O, Y, and 
Ti atoms and of the related bond lengths [Figs. 3.1 (b) and 3.2 (b)]. The O atoms are rearranged 
in the environment of the nearby vacant bcc lattice sites. In the case of 7O9v3Y3Ti the smallest 
position change is found for Ti while Y atoms move slightly towards the center of the cluster. 
The latter is also observed for the 6O9v6Y cluster. A considerable change of atomic positions 
and bond lengths is observed after relaxation of the PD configurations. In Figs. 3.1 (d) and 3.2 
(d) the upper and lower Y (or Y and Ti) atoms are shifted towards the center of the cluster. In 
the case of 6O9v6Y the lower and some upper oxygen atoms move towards the lower vacant 
sites. In Fig. 3.2 (d) this effect is somewhat smaller. On the other hand the relaxation of the 
structure shown in Fig. 3.2 (e) leads to an atomic configuration which is similar to that shown 
in Fig. 3.2 (b) and (h) for the SM and AS cases [cf. Fig. 3.2 (f)]. Modifications of the atomic 
positions are also found after relaxation of the AS structures. As in the SM case, Ti atoms 
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change their positions only slightly while Y is shifted into direction of the center of the cluster 
and O atoms leave the substitutional sites. For 6O9v6Y and 7O9v3Y3Ti clusters the total 
binding energies of the relaxed SM and AS configurations are nearly identical (Table 3.1). This 
is remarkable since the initial states are rather different. It may be assumed that in the case 
of 7O9v3Y3Ti this equality is caused by the fact that the positions of the Ti atoms are more or 
less fixed during relaxation. For 6O9v6Y the volume increase V  of the supercell due to the 
presence of the relaxed cluster as well as the cell dimensions are somewhat different for SM 
and AS, whereas these quantities are more or less equal in the case of 7O9v3Y3Ti. In order to 
understand the difference of the V values of 6O9v6Y-SM and 6O9v6Y-AS (cf. Table 3.1), 
additional calculations were performed with a higher precision (force criterion: 10-4 eV/Å, 
energy criterion: 10-7 eV). The results show nearly equal values of 60.415 and 60.420 Å3. 
Therefore, the relaxed 6O9v6Y-SM and 6O9v6Y-AS clusters are indeed nearly identical as it 
was already found for the relaxed 7O9v3Y3Ti-SM and 7O9v3Y3T-AS configurations. The 
relaxed 6O9v6Y PD structure is only slightly less stable than those obtained from the SM and 
AS models, i.e. the absolute value of bindE  is only lower by about 2% (Table 3.1). On the other 
hand, the total binding energy of the relaxed 7O9v3Y3Ti PD-2 configuration [Fig. 3.2 (f)] is 
similar to that obtained for the SM and AS models, whereas the relaxed PD-1 structure [Fig. 
3.2 (d)] is by 6% less stable. The presence of the relaxed PD cluster causes tetragonal (6O9v6Y: 
PD and 7O9v3Y3Ti: PD-2) and orthorhombic (7O9v3Y3Ti: PD-1) distortions of the supercell. In 
the SM case the values for the total binding energy show a reasonable agreement with the 
data of Barnard et al. [35] who also used a supercell with 128 bcc sites in their DFT study. The 
small differences may be due to the fact that in the present work a newer version of VASP 
pseudopotentials (version 5.4), more k  points (3x3x3 instead of 2x2x2), and a higher plane 
wave cutoff (500 instead of 400 eV) were used. 
6O9v6Y and 7O9v3Y3Ti clusters were also studied in a supercell with 250 bcc lattice sites 
and 3x3x3 k  points. The atomic configurations can be found in Appendix-A [App-A]. The 
total binding energy of the relaxed SM and AS 7O9v3Y3Ti configurations is nearly equal and 
very similar to the results obtained in the case of the smaller supercell (Table 3.1). 
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Table 3.1: Total binding energy bindE  of 6O9v6Y and 7O9v3Y3Ti clusters obtained from the 
structural models SM, PD, and AS, by considering the relaxed configurations and supercells 
containing 128 and 230 bcc lattice sites. Data from literature [35] are also shown. The volume change 
0V V V    with respect to the supercell with pure bcc Fe and the dimensions of the supercell are 
also given. In the case of an isotropic expansion/contraction only one supercell dimension is given 
while for tetragonal distortions the first line is related to the two equivalent directions (a) whereas the 
second line is related the third direction (b). In the case of an orthorhombic distortion, three lines (a), 
(b), and (c) are given. 
 
 128 bcc sites 250 bcc sites 
 Ebind (eV) V0 (Å3) d (Å) Ebind (eV) V0 (Å3) d (Å) 
Pure Fe - 1454.1 11.329 - 2838.3 14.159 
6O9v6Y 
  V0 (Å3)   V0 (Å3)  
SM 
-42.76 
-43.90 [35] 
64.407 11.496 -41.97 40.346 
14.226 (a) 
14.225 (b) 
14.223 (c) 
PD -41.90 42.258 
11.586 (a) 
11.147 (b) 
-41.76 54.524 
14.282 (a) 
14.182 (b) 
AS -42.76 56.896 11.477 -42.31 58.779 14.256 
7O9v3Y3Ti 
SM 
-40.34 
-41.70 [35] 
26.373 11.397 -40.12 28.920 14.206 
PD-1 -37.74 35.771 
11.467 (a) 
11.331 (b) 
11.467 (c) 
   
PD-2 -40.40 27.152 
11.391 (a) 
11.416 (b) 
-40.87 21.755 
14.189 (a) 
14.204 (b) 
AS -40.34 26.398 11.397 -40.18 21.832 14.194 
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Also the atomic configurations are nearly identical in these four cases and the values for the 
volume increase are not very different. On the other hand, the relaxed SM and AS 6O9v6Y 
configurations, as well as the corresponding data for bindE  and V  differ somewhat more 
than in the supercell with 128 bcc sites. The relaxed SM structure is also not equal to that in 
the smaller supercell. On the other hand the values of bindE  for the SM and AS clusters in the 
larger and smaller supercells do not differ by more than 2%. The atomic configuration of the 
PD 6O9v6Y cluster in the larger supercell agrees with that in the smaller one, and also the total 
binding energy are nearly equal. The comparison between the results for supercells with 128 
and 250 bcc sites shows that a possible size effect depends on the cluster model considered. 
However, the qualitative conclusions obtained from the consideration of the clusters in the 
smaller supercell are also valid in the case of the larger one. 
Fig. 3.3 summarizes values for the total binding energy per cluster constituent C
bindE ( bindE  
divided by the number of atoms and vacancies in the cluster) obtained for a number of smaller 
clusters in the supercell with 128 bcc sites (cf. [ App-A]), together with the corresponding data 
for 6O9v6Y and 7O9v3Y3Ti. The figure demonstrates that in general the relaxed cluster 
configurations determined for the SM, PD, and AS models have very similar energetics. In 
some cases the values of C
bindE  and the atomic configurations are also equal. These results 
clearly show that the SM configuration is not generally favored as suggested by Barnard et al. 
[35]. It must be noticed that besides the SM case in Ref. [35] the so-called On-Lattice Model 
was investigated. This model considers O on octahedral interstitial sites as well as Y and Ti on 
substitutional sites. This is quite similar to the PD model in the present work, but the On-
Lattice Model does not contain vacancies. Therefore, the number of Fe atoms is higher than 
in the SM model, i.e. the composition of the supercell is not equal to that in the SM model. 
Due to these differences Barnard et al. [35] obtained relaxed cluster configurations for their 
On-Lattice Model which are much less stable than those for the SM model. In contrast present  
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Fig. 3.3: Total binding energy per cluster constituent C
bindE  ( bindE  divided by the number of atoms 
and vacancies in the cluster) obtained for a number of smaller clusters containing O, Y and vacancies 
(a) or O, Y, Ti, and vacancies (b), together with the results for 6O9v6Y and 7O9v3Y3Ti. The smaller 
clusters were constructed using the atomic configurations of 6O9v6Y or 7O9v3Y3Ti in the SM, PD, 
and AS models as templates (cf. Appendix-A [App-A]). Data from literature [35] are also given. The 
lines are only drawn to guide the eye. Results obtained using pair as well as pair and triple 
parametrization within the rigid lattice model are also shown.  
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results on the energetics of the PD model show only very small differences to those for the 
SM model. 
In a previous work [40] the energetics of O-Y and O-Y-Ti clusters was investigated using a 
rigid lattice model (RLM) with O on octahedral sites as well as Y and Ti on bcc sites, and with 
DFT-based parameters for pair and triple interactions between the constituents of the clusters 
(O, vacancies, Y, or Ti). The atomic arrangements in the PD model before relaxation (see Figs. 
3.1 and 3.2) correspond to those within the RLM. Therefore, these configurations were 
investigated using pair interaction parameters as well as pair and triple interaction parameters 
from Ref. [40]. The results are also shown in Fig. 3.3. In general, the description by pair and 
triple parameters yields a better agreement with present DFT results than using only pair 
parametrization. For small sizes the agreement is better for clusters that contain Ti.  
 
3.6 Results for SM-OC, PD-OC, and AS-OC cluster models 
All configurations obtained after relaxation of the OC-type structures with oxygen in the 
center can be found in Appendix-A [App-A]. The data for their total binding energy, for the 
volume change due to the presence of the cluster as well as the dimensions of the supercell 
are given in Table 3.2. In the case of 6O9v6Y after relaxation the O atom always stays in the 
center of the cluster. The relaxed SM-OC1 and SM-OC2 configurations and the related data 
for the total binding energy, volume change and supercell dimensions are very similar. The 
supercell shows a slight orthorhombic distortion. The results for the relaxed AS-OC1 and AS-
OC2 6Y9v6Y structures are nearly identical and a tetragonal distortion is found. For the various 
PD-OC configurations values between about -44 eV, and -42 eV were found for bindE  
although the data of bindE  vary within a relatively narrow range, the relaxed PD-OC clusters 
show very different structures. Only PD-OC3 and PD-OC7 are almost identical. Figs. 3.4 (a-d) 
show exemplary cases of SM-OC, AS-OC, and PD-OC 6O9v6Y clusters. The central oxygen atom 
has nearly the same distance to the six Y neighbors which is similar to the coordination of the 
anion in a rock-salt structure. Most remarkable is the fact that the relaxed 6O9v6Y OC-type 
clusters are always slightly more stable than those obtained by relaxation of the 
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corresponding cage-like SM, PD and AS types (Table 3.1). In particular the absolute value of 
the total binding energy of a SM-OC / AS-OC / PD-OC cluster is by about 4% / 3% / 3-5% higher 
than that determined for the original SM / AS / PD cage-like clusters. This result and the 
findings of the preceding section clearly show that there exists a variety of rather different 
cluster configurations with a very similar energetics. Comparison between Table 3.2 and Table 
3.1 shows that the volume increase due the presence of the cluster is smaller for the SM-OC 
and AS-OC clusters than for the corresponding cage-like clusters. 
 
   
  
    
 
 
Fig. 3.4: Selected examples of relaxed 6O9v6Y (a-d) and 7O9v3Y3Ti (e, f) clusters with oxygen in 
the center. If the viewing direction is along the arrow on the left figures, pictures as shown on the 
right figures appear. The numbering of these SM-OC, PD-OC, and AS-OC configurations is 
according to Fig.3.1. A compilation of all the OC-type cluster can be found in the Appendix-A [App-
A]. 
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Table 3.2: Total binding energy bindE , volume change V  and supercell dimensions determined 
for the relaxed 6O9v6Y and 7O9v3Y3Ti clusters within the framework of the structural models SM-
OC, PD-OC, and AS-OC. The meaning of the shown quantities is the same as in Table 3.1.   
 
 
 Ebind (eV) V (Å3) d (Å) 
6O9v6Y (128 bcc sites) 
SM-OC1 -44.49 35.527 
11.418 (a) 
11.427 (b) 
11.416 (c) 
SM-OC2 -44.49 34.772 
11.423 (a) 
11.416 (b) 
11.417 (c) 
PD-OC1 -44.09 42.712 
11.414 (a) 
11.435 (b) 
11.467 (c) 
PD-OC2 -44.49 34.949 
11.416 (a) 
11.419 (b) 
11.422 (c) 
PD-OC3 -42.23 56.216 
11.419 (a) 
11.583 (b) 
PD-OC4 -43.85 36.430 
11.419 (a) 
11.429 (b) 
PD-OC5 -44.48 39.358 
11.432 (a) 
11.438 (b) 
11.420 (c) 
PD-OC6 -44.24 38.188 
11.416 (a) 
11.407 (b) 
11.459 (c) 
PD-OC7 -42.23 56.327 
11.419 (a) 
11.584 (b) 
PD-OC8 -44.00 38.002 
11.436 (a) 
11.407 (b) 
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 Ebind (eV) V (Å3) d (Å) 
AS-OC1 -44.04 38.696 
11.434 (a) 
11.419 (b) 
AS-OC2 -44.04 38.805 
11.434 (a) 
11.419 (b) 
6O9v6Y (250 bcc sites) 
SM-OC1 -44.25 34.129 
14.215 (a) 
14.214 (b) 
SM-OC2 -44.25 34.036 
14.215 (a) 
14.214 (b) 
AS-OC1 -44.04 39.052 
14.224 (a) 
14.221 (b) 
AS-OC2 -44.04 38.079 
14.222 (a) 
14.220 (b) 
7O9v3Y3Ti (128 bcc sites) 
SM-OC1 
(stays not in center) 
-40.34 26.781 11.398 (a) 
SM-OC2 -39.56 18.147 
11.366 (a) 
11.396 (b) 
SM-OC3 -39.55 18.224 
11.367 (a) 
11.395 (b) 
SM-OC4 -40.02 22.630 
11.365 (a) 
11.432 (b) 
SM-OC5 -40.02 22.562 
11.431 (a) 
11.365 (b) 
11.365 (c) 
SM-OC6 -40.02 22.603 
11.365 (a) 
11.365 (b) 
11.431 (c) 
SM-OC7 -39.56 18.104 
11.365 (a) 
11.397 (b) 
AS-OC1 
(stays not in center) 
-40.34 26.827 11.398 
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 Ebind (eV) V (Å3) d (Å) 
AS-OC2 -39.56 17.930 
11.366 (a) 
11.394 (b) 
AS-OC3 -39.56 17.714 
11.365 (a) 
11.394 (b) 
AS-OC4 -40.017 22.582 
11.365 (a) 
11.432 (b) 
AS-OC5 -39.96 23.027 
11.366 (a) 
11.433 (b) 
AS-OC6 -40.017 22.681 
11.366 (a) 
11.431 (b) 
AS-OC7 -39.56 17.917 
11.365 (a) 
11.396 (b) 
7O9v3Y3Ti (250 bcc sites) 
SM-OC1 
(stays not in center) 
-40.81 25.212 14.200 
 
On the other hand, the presence of the different PD-OC clusters leads to values for the volume 
increase which are higher or lower than that of the PD clusters [cf. also Fig. 3.5 (a)]. For the 
various PD-OC configurations a correlation between volume change and total binding energy 
can be found. In Fig. 3.5 (a) the relative increase bindE  of the absolute value of total binding 
energy as well as the relative increase of the supercell volume V are depicted. The value of 
bindE  for the cage-like PD configuration was taken as reference to determine bindE , 
whereas V is calculated by dividing the values V from Table 3.2 by the volume of the 
supercell for pure bcc Fe (cf. Table 3.1). Fig. 3.5 (a) clearly shows that higher values of bindE  
are correlated to lower values of V , i.e. more compact clusters, with an average distance of 
2.33 Å between the central O atom and the six Y atoms, are energetically preferred. 
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Fig. 3.5: Relative increase of the supercell volume V (black symbols, left axis) and relative 
increase bindE  of the absolute value of total binding energy (red symbols, right axis) for PD-OC 
6O9v6Y clusters (a) and SM-OC 7O9v3Y3Ti clusters (b). The horizontal lines in (a) show results for 
SM-OC and AS-OC 6O9v6Y clusters.   
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Some SM-OC and AS-OC 6O9v6Y models were also relaxed in the larger supercell with 250 
bcc sites. The corresponding data on energetics, volume increase and supercell dimensions 
are also given in Table 3.2 while the atomic configurations can be found in the Appendix-A 
[App-A]. In the Table 3.2 the data for SM-OC1 and SM-OC2 as well as for AS-OC1 and AS-OC2 
are nearly equal. The values for the clusters in the larger supercell and the related atomic 
configurations only slightly differ from those obtained for the supercell with 128 bcc sites. 
However, both the results for SM-OC and AS-OC clusters confirm the findings already 
discussed for the smaller supercell. 
Also in the case of 7O9v3Y3Ti clusters oxygen stays mostly in or near the center during 
relaxation. Exceptions are the SM-OC1 and AS-OC1 configurations where the cage-like 
structures SM and AS are found after relaxation [cf. Figs. 3.2 (b) and 3.2 (h)]. Here the 
configurations before relaxation were constructed in such a manner that an oxygen atom from 
the environment of three Y atoms was set into the center [cf. Figs. 3.2(a) and 3.2 (g)]. 
Obviously the binding to these Y atoms is very strong so that relaxation moves the oxygen 
back to their vicinity. In the other cases the O atom that is set into the center is from an 
environment consisting of Y and Ti atoms. For the SM-OC and AS-OC 7O9v3Y3Ti clusters the 
data for bindE  etc. are given in Table 3.2. The atomic configurations of the particular AS-OC 
structures are almost equal to those of the corresponding SM-OC case. This should be mainly 
caused by the fact that the positions of the Ti atoms are more or less fixed during the 
relaxation, as already found in the case of the cage-like clusters. Examples of atomic structures 
of relaxed clusters are depicted in Figs. 3.4 (e) and 3.4 (f). Interestingly, the relaxed 7O9v3Y3Ti 
SM-OC and AS-OC clusters with oxygen in or near the center are by about 0.8 to 2% less stable 
than those of the relaxed cage-like SM and AS configurations. This is in contrast to the results 
for the OC-type 6O9v6Y clusters. The presence of OC-type 7O9v3Y3Ti clusters leads to a 
smaller volume increase (Table 3.2) than that obtained for the SM and AS clusters (Table 3.1). 
Fig. 3.5 (b) depicts the relation between bindE  and V for the SM-OC configurations. The 
results for AS-OC are almost equal because the atomic configurations are nearly identical, cf. 
discussion above. Unlike the 6O9v6Y clusters the increase/decrease of bindE  is correlated 
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with the increase/decrease of V . As already mentioned above the relaxed SM-OC1 cluster 
is identical to the cage-like cluster which is taken as reference. Therefore the corresponding 
value of bindE  is zero. Fig. 3.6 shows the comparison of the present DFT results with those 
obtained using the rigid lattice model (RLM) for the case of PD-OC 6O9v6Y clusters. The figure 
clearly shows that the use of RLM with pair and triple interaction parameters leads to a much 
better agreement than using only pair parameters. 
 
 
Fig. 3.6: Total binding energy per cluster constituent C
bindE  for PD-OC 6O9v6Y clusters. Comparison 
of DFT results with those obtained by the rigid lattice model (see also Fig. 3.3).  
 
3.7 Adding oxygen atoms to relaxed cage-like clusters 
Finally it is investigated how the energetics of the O-Y clusters is modified if O atoms are 
added at octahedral interstitial sites close to the clusters, while the numbers of Fe, Y, Ti atoms, 
and vacancies remain unchanged. At first one oxygen atom is added to the relaxed cage-like 
SM 6O9v6Y clusters. The octahedral site is more position of oxygen in Fe matrix. After 
analyzing the relaxed configuration, first oxygen substituted in octahedral position near by the 
cluster. In the next steps a further O atom is added to the respective most stable cluster until 
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the stoichiometry of pure Y2O3 is reached. In this context 7O9v6Y, 8O9v6Y, and 9O9v6Y 
clusters are considered and their total binding energy is determined. The most stable cluster 
configurations 7O9v6Y, 8O9v6Y, and 9O9v6Y obtained after relaxation are characterized by an 
oxygen atom in the center similar to the OC structures described above. It is interesting that 
OC-like structures are already formed if one oxygen atom is added to a cage-like configuration. 
The data for the total binding energy of the 7O9v6Y, 8O9v6Y, and 9O9v6Y clusters and for the 
corresponding changes of supercell volume and dimensions can be found in Table 3.3. 
Comparison with Table 3.1 shows that adding one, two, or three O atoms to the cage-like SM 
6O9v6Y clusters leads to reduction of the supercell volume, i.e. to more compact cluster 
structures. At this point the affinity of oxygen to these clusters is discussed in more detail. The 
binding energy of one oxygen atom to an existing cluster is defined by  
 
(cluster with  O atoms)
(cluster with  O atoms) (cluster with -1 O atoms)
O
b
bind bind
E n
E n E n


   (21)  
 
where negative/positive values mean attraction/repulsion. In the calculation of 
(7O9v6Y)ObE the second term on the right-hand side is (6O9v6Y)bindE  of the cage-like 
6Y9v6Y cluster given in Table 3.1. The binding energy of a single O atom to the cage-like 6Y9v6Y 
SM cluster is -4.62 eV which clearly shows a very strong affinity. The clusters 7O9v6Y and 
8O9v6Y have a binding energy O
bE  of about -2.92 and -3.09 eV, respectively, i.e. they are still 
rather attractive to an O atom. Furthermore it was found that the atomic configurations of 
7O9v6Y and 8O9v6Y, 9O9v6Y [Figs. 3.7 (a-c)] as well as their characteristics like bindE , etc. are 
rather independent of whether the SM, PD, or the AS cage-like 6O9v6Y cluster was the initial 
structure in the process of adding O atoms.  
Oxygen atoms were also added step by step to the cage-like SM 7O9v3Y3Ti cluster until 
the stoichiometry is close to that in pure Y2Ti2O7. The values of the total binding energy of 
8O9v3Y3Ti, 9O9v3Y3Ti, and 10O9v3Y3Ti clusters are given in Table 3.3. There are also data on 
the change of supercell volume and on the supercell dimensions. In contrast to the cases  
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Fig. 3.7: Relaxed cluster configurations formed after stepwise addition of one O atom to the cage-
like SM 6O9v6Y cluster [cf. Fig. 3.1 (b)] and to the clusters obtained after addition: 7O9v6Y (a), 
8O9v6Y (b), and 9O9v6Y (c). The figure shows also clusters formed by adding two O atoms to the 
cage-like SM 7O9v3Y3Ti cluster [cf. Fig. 3.2 (b)]: 9O9v3Y3Ti (d), and by adding one O atom to the 
9O9v3Y3Ti cluster: 10O9v3Y3Ti (e). If the viewing direction is along the arrow on the left figures in 
(a-e), pictures as shown on the right figures in (a-e) appear. 
 
described above, adding of one O atom to 7O9v3Y3Ti does not lead to a cluster with oxygen 
in the center, whereas the 9O9v3Y3Ti, and 10O9v3Y3Ti clusters show such a structure [Figs. 
3.7 (d) and (e)]. The O binding energy to the 8O9v3Y3Ti, 9O9v3Y3Ti, and 10O9v3Y3Ti clusters 
are about -2.26, -2.19, and -2.61 eV, respectively, where the value for (7O9v3Y3Ti)bindE
given in Table 3.1 was taken as reference if one O atom is added to 7O9v3Y3Ti. This result 
demonstrates that also the 7O9v3Y3Ti, 8O9v3Y3Ti, and 9O9v3Y3Ti clusters are rather 
attractive to a single O atom. In contrast to the clusters without Ti, this attraction is somewhat 
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lower and the presence of the 8O9v3Y3Ti, 9O9v3Y3Ti, and 10O9v3Y3Ti clusters leads to a 
higher increase of the supercell volume than that in the case of the cage-like SM 8O9v3Y3Ti 
(cf. Table 3.1). 
 
Table 3.3: Total binding energy bindE , volume change V , and supercell dimensions determined 
for clusters formed after stepwise addition of one O atom to the cage-like SM 6O9v6Y cluster [cf. 
Fig. 3.1 (b)] and to the clusters obtained after such an addition. The table shows also data for clusters 
obtained by stepwise addition of one O atom to the cage-like SM 7O9v3Y3Ti cluster [cf. Fig. 3.2 (b)] 
and to the clusters obtained after such an addition. With the exception of the case 7O9v3Y3Ti+1O 
the cluster configurations are depicted in Fig. 3.7. 
 
 
128 atom cell 
Ebind (eV) V (Å3) d (Å) 
6O9v6Y+1O -47.38 38.472 
11.429 (a) 
11.427 (b) 
11.428 (c) 
7O9v6Y+1O -50.29 51.760 
11.485 (a) 
11.464 (b) 
11.436 (c) 
8O9v6Y+1O -53.38 60.048 
11.502 (a) 
11.501 (b) 
11.445 (c) 
7O9v3Y3Ti+1O -42.60 39.198 
11.446 (a) 
11.442 (b) 
11.402 (c) 
8O9v3Y3Ti+1O -44.79 32.868 
11.394 (a) 
11.422 (b) 
11.424 (c) 
9O9v3Y3Ti+1O -47.40 40.927 
11.377 (a) 
11.487 (b) 
11.438 (c) 
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3.8 Oxygen migration barrier 
A possible transition from a cage-like cluster to a cluster with oxygen in the center (OC) 
may occur via O jump from rim to center. NEB method as implemented in the “vtsttools” [84] 
is used to obtain the migration barriers. Here SM model for 6O9v6Y and 7O9v3Y3Ti clusters 
are considered for barrier study. The rim sites are mark as 1 and 2 for 6O9v6Y in Fig. 3.1. In 
Fig. 3.2, all possible rim sites are marked from 1 to 7 for 7O9v3Y3Ti and more feasible case is 
presented in Fig. 3.8. The result is shown in Fig. 3.8 along with barrier height. In 6O9v6Y cluster 
the migration barrier from rim to center site is 0.04 eV, which corresponds to a temperature 
of about 812 K. The barrier for the reverse jump O is much higher (1.70 eV) so that it hardly 
probable that O can escape from the center after a rim-to-center jump. In the case of the 
7O9v3Y3Ti cluster the rim-to-center jump has a barrier of 0.38 eV, while that for the reverse 
jump is 0.05 eV. Hence O rather stays at rim than center site. 
 
 
Fig. 3.8: NEB calculated trajectory of O jump in a) 6O9v6Y and b) 7O9v3Y3Ti cluster. Red and blue 
color arrow show rim-center and center-rim site jumps respectively 
 
3.9 Discussion 
The dimensions of the clusters studied in this work are less than 1 nm. This is still below 
or close to the limit of the resolution of experimental methods allowing for a simultaneous 
determination of atomic structure and composition of the clusters. The size limitation in this 
work is mainly due to the requirements for computational resources in DFT calculations. 
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Present DFT results show that for these small clusters many different atomic configurations 
with similar stability or energetics are possible at a given composition. Such clusters may be 
considered as nuclei for further structural evolution and growth. Within the evolution process 
there may be a selection of favored structures, and if they reach a size of some nm they can 
be unambiguously identified by advanced experimental methods. As mentioned in the 
introduction many experimental investigations indicate that it is most probable that the 
clusters are near stoichiometric oxide structures very similar to Y2O3, Y2Ti2O7, or Y2TiO5. 
The search for mechanisms for the transformation between the cluster nuclei studied in 
this work and the oxide structures observed in these experiments should be a subject of 
further research. Investigations on the transformation of Cu clusters in bcc Fe, which revealed 
an evolution from small clusters coherent with the bcc lattice, via 9R and 3R structures 
towards large fcc Cu clusters may serve as example [85, 86]. One could also argue that the 
general assumption of a complete dissolution of yttria (Y2O3) during high-speed milling may 
be not correct so that nuclei with a cage-like structure may already exist at the beginning of 
the NFA synthesis by thermal processing. In this manner, one of the possible cluster structures 
might be favored from the very beginning of the process of NFA formation. In future this issue 
should be investigated in more detail. On the other hand, it must be mentioned that 
nanoclusters with the Y2O3 structure, and sub-stoichiometric in O, were also formed using YFe3 
and Fe2O3 instead of yttria in the process of mechanical alloying [87, 88]. This may be 
considered as an argument in favor of the complete dissolution of yttria in the conventional 
NFA formation procedure. 
In this study it was found that the relaxed O-Y and O-Y-Ti clusters (with vacancies as 
described above) with oxygen atoms in or near the center (OC) exhibit a stability close to that 
of the cage-like structure. In these OC clusters the central oxygen atom has 6 Y (or 3Y and 3Ti) 
neighbor atoms at equal or similar distances like in the rock-salt structure. The relaxed OC 
clusters containing only O and Y are somewhat more stable than the corresponding cage-like 
configuration, whereas the opposite result was found for clusters with O, Y, and Ti. 
Furthermore, adding oxygen atoms to the 6O9v6Y and 7O9v3Y3Ti cage-like clusters also led 
to such structures with oxygen in the center. At this point it must be mentioned that Hirata et 
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al. [44, 89] proposed a rock-salt structure with a high density of lattice defects for the nm size 
O-Y-Ti clusters in 14YWT ODS steel. In their investigations scanning transmission electron 
microscopy in combination with calculations using classical interatomic potentials were 
employed. On the other hand an yttrium monoxide (YO) with rock-salt structure was recently 
synthesized by Kaminaga et al. [90] using pulsed laser deposition. These findings and the 
results of the present work leads to the conclusion that O-Y and O-Y-Ti nm-size clusters with 
a rock-salt-like structure may be really formed under certain conditions. 
The data of the total binding energy per cluster constituent (atoms and vacancies in the 
cluster) shown in Fig. 3.3 indicate that in O-Y clusters the constituents are stronger bound than 
in comparable O-Y-Ti clusters, i.e. where Y is partially replaced by Ti.. This may be explained 
by the fact that the O-Y and the v-Y interactions are more attractive than the O-Ti and v-Ti 
interactions, whereby the Y-Ti interaction is repulsive (cf. e.g. [40]). Due to this difference in 
the total binding energy per cluster constituent one may conclude that the driving force for 
the growth of O-Y clusters is higher than that of O-Y-Ti clusters. This correlates with the 
experimental observation that the presence of Ti leads to a reduction of the size of the oxide 
nanoclusters in NFA and to a higher dispersion [18, 19, 21]. The analysis of the clusters showed 
that the O-Y and O-Ti bond lengths are close to the second-neighbor distance in bcc Fe This is 
in agreement with results on separate O-Y and O-Ti pairs in bcc Fe [37, 38, 42], that exhibit the 
strongest attraction at this distance. 
The results depicted in Figs. 3.3 and 3.6 demonstrate that the description of the clusters 
within the rigid lattice model and using pair and triple interaction parameters may yield to 
rather reasonable data for the total binding energy per cluster constituent. Therefore, such a 
parametrization may be used in future rigid lattice kinetic Monte Carlo simulations with a large 
number of atoms. 
The results of the present work have consequences for the interpretation of the role of 
the oxide nanoclusters regarding He storage and studies on the interaction of defects such as 
vacancies and SIA with the clusters. Previous investigations [45, 58] on He management 
considered only cage-like SM clusters as discussed in the work of Barnard et al. [35]. Therefore, 
in chapter 4, cage-like and OC clusters 6O9v6Y and 7O9v3Y3Ti are investigated regarding He 
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storage capacity and irradiation induced defect management. 
 
3.10 Summary 
In summary, our DFT investigations on possible atomic configurations of O-v-Y and O-v-Y-
Ti clusters embedded in bcc Fe revealed a variety of possible cluster structures with similar 
energetics: Different cage configurations obtained by SM, AS, and PD models as well as 
configurations with oxygen in the center found after relaxation of SM-OC, AS-OC, and PD-OC 
models. This contradicts the opinion in recent theoretical literature that favors the SM model 
[35, 45, 58]. Furthermore, the role of Ti was investigated by comparing results for O-v-Y and 
O-v-Y-Ti clusters, and the binding of oxygen monomers to the clusters was studied. Due to the 
limitations of computational resources, in the present work only small clusters with 
dimensions below 1 nm could be treated. This size is still too low for a simultaneous 
determination of atomic structure and composition by advanced experimental methods. 
These small clusters may be considered as nuclei for further structural evolution and growth. 
In all cases studied the absolute value of the total binding energy per cluster constituent 
becomes lower if Y is partially replaced by Ti, i.e. the driving force for the growth of O-Y 
clusters may be higher than that of O-Y-Ti clusters. This may be correlated with the 
experimental observation that the presence of Ti leads to a reduction of the size of the oxide 
clusters in nanostructured ferritic alloys and to a higher dispersion. If Ti is not present, clusters 
with oxygen in the center are slightly more stable than the corresponding cage-like clusters. 
The opposite result was obtained for clusters with Ti. In the present work it was also shown 
that adding O atoms to cage-like clusters at nearby octahedral interstitial sites leads to 
structures with O in the center. Clusters with oxygen in the center can be considered as nuclei 
for nm-size clusters with rock-salt structure. Such a structure was also derived from the 
analysis of experimental data on yttria-based NFA alloys, cf. Hirata et al. [44, 89]. However, 
the presently prevailing opinion is that most of those nanoclusters are near-stoichiometric 
cage-like oxide structures [21]  
X  -------------------------------  X 
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4. Interaction of O-Y and O-Y-Ti clusters 
embedded in bcc Fe with He, vacancies and self-
interstitial atoms 
 
4.1 Introduction 
In this chapter, the most stable atomic configurations obtained in chapter 3 for two O-
Y and two O-Y-Ti cluster models are considered and their interaction with He, a vacancy and a 
self-interstitial atom (SIA) is studied by DFT calculations. In this manner the influence of cluster 
composition as well as morphology can be revealed. The binding and incorporation energy of 
the defect species are determined for the different cluster models. For this purpose the He 
atom, the vacancy, or the SIA are initially set on selected sites inside or near the cluster, and 
after relaxation the final structure and energetics is analyzed. Also, the interaction of two or 
three He atoms with O-Y and O-Y-Ti clusters is investigated and selected barriers for He 
migration are calculated. Besides the energetics, i.e. binding and incorporation energy, these 
barriers are important quantities in order to understand the evolution of the He storage by 
the clusters at finite temperatures. 
 
4.2 Cluster models and possible sites for He, vacancies and self-interstitial atoms 
In chapter 3, different structural models for O-Y and O-Y-Ti clusters in bcc Fe were 
considered and for a given composition, the most stable atomic configuration was obtained 
by DFT calculations. Due to limitations of computational resources, the largest clusters 
investigated in chapter 3 mainly consist of (i) 6 O atoms, 9 vacancies (v) and 6 Y atoms, and (ii) 
7 O, 9 v, 3 Y, and 3 Ti. In this context all sites of the underlying perfect bcc lattice which are 
not occupied by metal atoms (Fe, Y, Ti) are counted as vacancies. That means that all O atoms 
are assigned to vacancies. The above definition of vacancies is not strictly necessary. However, 
such a definition may be helpful to better understand the properties of the clusters. The 
equivalence of investigations the cluster energetics using or not using v was shown in chapter 
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3. Two kinds of clusters were studied: (i) cage-like clusters with a vacancy in the center 
surrounded by an octahedron of Y and Ti atoms, and (ii) clusters with oxygen at this central 
site. The first model is directly derived from the atomic structure of the oxides Y2O3 and 
Y2Ti2O7, whereas the second was obtained in chapter 3 and has a core similar to the rock-salt 
structure. Compared to the pure oxides the two models are depleted in oxygen. The energetic 
properties of both types of clusters are very similar: If Ti is not present clusters with oxygen in 
the center are slightly more stable than the corresponding cage-like structures. The opposite 
holds for clusters with Ti. Fig. 4.1 illustrates the relevant atomic configurations obtained by 
the DFT calculations in chapter 3. In the present work the interaction of He with these clusters 
is investigated. Possible He sites are classified in the following manner. 
 
a) He on a vacancy site in the center of cage-like (CL) clusters: This position corresponds to 
an octahedral interstitial site in bulk Y2O3 or Y2Ti2O7. 
 
b) He on a vacancy site at the cluster-iron interface: Both in CL clusters and in clusters with 
oxygen in the center (OC) vacant bcc sites which are not assigned to oxygen atoms are 
available there. 
 
c) He on interstitial sites: In the interface region He might occupy tetrahedral and octahedral 
interstitial sites in the underlying bcc lattice. It is known from literature that He is an 
interstitial foreign atom in bcc Fe, whereby the tetrahedral site is most stable followed by 
the octahedral site [45, 48, 53, 91-93]. Present investigations are limited to such interstitial 
sites with a distance of less or equal than 1.5 a  to the center of the cluster, where a is 
the lattice constant of bcc Fe. 
 
The possible positions of He atoms are also shown in Fig. 4.1. After He is placed on a given 
position the system is relaxed by DFT calculations. In some cases the assumed He site may be 
really stable in others it may be unstable. Based on results on the interaction of a single He  
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Fig. 4.1: The initial He sites considered for the calculation in the case of the cage-like (CL) O-Y 
cluster model (a) the O-Y cluster with oxygen in the center (OC) (b), as well as the CL O-Y-Ti cluster 
(c) the OC O-Y-Ti cluster (d). White, green, blue and red balls represent Fe, Y, Ti and O. Vacancies 
(v) which belong to the clusters (see section 2) are represented by yellow balls. Gray and magenta 
balls denote octahedral and tetrahedral interstitial sites in the underlying bcc lattice. Gold and light 
green balls are vacant sites at the cluster center and the cluster-iron interface. Purple balls show 
sites for an additional vacancy or an additional self-interstitial atom (SIA). Only a part of the supercell 
is shown in the figures. 
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atom with the cluster, in a further step two or three He atoms are placed on selected sites and 
the energy of the supercell is minimized using DFT. Besides the sites found to be stable after 
adding a single He to the cluster, some additional configurations are studied in which two or 
three He atoms are placed into the environment of these sites. The relaxed atomic 
configurations of the clusters with one, two or three He atoms are shown in the Appendix-B 
[App-B]. Three possible sites (A, B, C) for an additional vacancy (v) or an additional self-
interstitial atom (SIA) are shown in Fig. 4.1 as well. The relaxed cluster configurations with v 
or SIA are also provided in the Appendix-B [App-B]. 
 
4.3 Calculation procedure 
We carried out spin-polarized calculations in the framework of density functional theory 
(DFT) as implemented in Vienna ab-initio simulation package (VASP) [61, 64, 82]. For details 
we refer to chapter 3. The only difference is the fact that for test calculations with the larger 
supercell with 250 bcc sites a 2x2x2 k point sampling is used for integration over the Brillouin 
zone. After placing He into the supercell according to one of the above mentioned models the 
position of atoms as well as the volume and shape of the supercell are relaxed, so that the 
force on atoms and the total stress/pressure on the supercell are minimized. In the present 
calculation the accuracy level of residual force on any atom and of the total energy change 
between successive ionic iterations are set to 10-2 eV/Å and 10-5 eV, respectively. 
The interaction between He and a cluster containing O, v, Y, and Ti can be characterized 
using the binding energy of He to the cluster. The binding energy of m He atoms is given by  
 
   , v, , ; , v, ,mHeb bind bindE E O Y Ti mHe E O Y Ti           (22) 
 
where   , v, , ;bindE O Y Ti mHe  and  , v, ,bindE O Y Ti  are the total binding energies of the 
cluster with and without m He. In the present work the cases 1,2,3m   are considered. For 
the cluster configurations shown in Fig. 4.1 the quantity  , v, ,bindE O Y Ti  was determined in 
51 
 
 
chapter 3. The general relation for the total binding energy of an embedded cluster that 
consists of n  monomers, e.g. a certain amount of O, Y, Ti, He atoms and vacancies, is defined 
by 
0
1 2 1 2
1
( ... ) ( ... ) ( 1) ( )
n
bind n n i
i
E X X X E X X X n E E X

               (23) 
1 2( ... )nE X X X    and ( )iE X  denote the total energy of supercell with the 
1 2 ... nX X X    cluster and the total energies of supercells with the monomers iX , 
respectively, while 0E  is the total energy of a supercell containing perfect bcc Fe. By 
definition 
bE  and bindE  are negative if attraction dominates. The data for ( )iE X  are 
determined assuming O on an octahedral interstitial site in bcc Fe, and Y, Ti as well as the 
vacancy on a bcc lattice site. In a similar manner the binding energy of an additional vacancy 
(V) or an additional self-interstitial atom (SIA) to the cluster is given by 
   , v, , ; , v, ,Vb bind bindE E O Y Ti V E O Y Ti              (24) 
and  
   , v, , ; , v, ,SIAb bind bindE E O Y Ti SIA E O Y Ti                          (25) 
Another characterization of the interaction of m He with the cluster is possible via the 
incorporation, solution or formation energy [58]   
     , v, , ; , v, ,mHe AincorpE E O Y Ti mHe E O Y Ti mE He                (26) 
where  , v, , ;E O Y Ti mHe  and  , v, ,E O Y Ti  are the total energy of the supercell 
containing the embedded  cluster with and without  m He, respectively, and  AE He is the 
total energy of a single He atom (0.00705 eV).  The corresponding incorporation or formation 
energies for V and SIA are  
     , v, , ; , v, ,V AincorpE E O Y Ti V E O Y Ti E Fe                              (27) 
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and 
     , v, , ; , v, ,SIA AincorpE E O Y Ti SIA E O Y Ti E Fe                             (28) 
Here  AE Fe is the energy per atom (or its chemical potential) in perfect bcc Fe.  
Following the energetic calculation, we consider CL clusters and determine the migration 
barrier for He jumps from the center to sites at the cluster-Fe interface. The Nudged Elastic 
Band(NEB) [76-78] method as implemented in the “vtsttools” [84] is used to obtain the 
barriers. 
 
4.4 Energetics and structure of relaxed cluster configurations containing one He atom 
The center of the CL cluster shown in Fig. 4.1 (a) is found to be the most stable He site, 
with a binding energy He
bE  of -3.31 eV and an incorporation energy 
He
incorpE of 1.25 eV. As 
already mentioned in section 4.2 this center position corresponds to an octahedral interstitial 
site in Y2O3. For a larger CL cluster composed of the same kind of atoms Sun et al. [45] found 
an incorporation energy of 0.92 eV for such a He site. The deviation from our result may be 
due to the different sizes of the clusters as well as the different cell sizes and k-point grids 
used in the corresponding DFT calculations. Danielson et al. [48] and Sun et al. [45] obtained 
0.62 and 0.92 eV, respectively, for the same He site in bulk Y2O3. It is worth mentioning that 
in bulk Y2O3 the tetrahedral interstitial site with four Y atoms in the environment is the most 
stable He site, followed by the octahedral site surrounded by six Y. A further stable site is 
obtained by placing He on one of the two equivalent vacancy sites (v1) of the CL cluster shown 
in Fig. 4.1 (a). The relaxed configuration (see Appendix-B [App-B]) is called interfacial vacant 
site (IVS) and is slightly different from v1. The corresponding binding energy He
bE  is -3.18 eV 
and the incorporation energy HeincorpE  is 1.37 eV. In the following the term IVS is generally used 
for relaxed positions of He initially placed on a vacant site. The various tetrahedral and 
octahedral interstitial sites with a distance less or equal than 1.5a  from the center of the 
cluster are not stable. Instead relaxation strongly changes the atomic configurations and the 
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He atom is shifted towards the cluster. In three cases (o1b, o2a, t1) the final CL structure and 
the corresponding energetics is very similar to that obtained in the IVS case. In further nine 
cases a transformation to OC configurations occurs, with He close to an IVS (see below) Such 
a drastic structural change is certainly due to the small size of the cluster. Finally (o1a), an 
atomic configuration with He on an interfacial interstitial site (IIS) in the vicinity of the 
octahedron edge with two Y, and close to two O atoms, is found with He
bE  (
He
incorpE ) of  -2.01 
(2.54) eV(see Appendix-B [App-B]). It should be noticed that in the following the term 
interfacial interstitial site (IIS) is generally used for relaxed He sites which are neither a center 
site nor an interfacial vacant site (IVS). 
In the case of the OC cluster depicted in Fig. 4.1 (b) the center is already occupied by an 
oxygen atom so that He cannot be placed there. He is stable on the three possible vacancy 
sites: The IVS near v1 has a binding energy of -2.56 eV (incorporation energy: 2.02 eV) while 
for the IVS near v2 and v3 -2.71 (1.84) eV and -2.81 (1.74) eV are obtained, respectively.  
Again, the tetrahedral and octahedral interstitial sites are not stable upto the distance of 
1.5a  distance. Placing He on such positions leads to strong atomic rearrangements and often 
to a shift of He towards the cluster. The corresponding atomic arrangements are very similar 
to those obtained when CL clusters are transformed to an OC structure after adding He to 
those sites, as mentioned above. In nine cases He relaxes to an IVS. In two cases (o3a, t2b) the 
He binding energy is about -2.65 eV (incorporation energy of 1.91 eV) and the structures 
correspond to that of the IVS near v1. After relaxation of o1b, o2a, o3b, t1, t2a, and t2c He 
binds with -2.75 eV to the OC cluster and the atomic configurations are similar to the IVS near 
v2.  He placed on o3c relaxes to a IVS close to v3 with -2.81 (1.74) eV. In other two cases 
(o1a, o2b) He occupies interfacial interstitial sites (IIS) in the environment of an octahedron 
edge formed by two Y atoms, with and without two O atoms in the vicinity. The energetics of 
these configurations is similar, with He
bE  (
He
incorpE ) of -2.10 (2.46) eV and -2.07 (2.48) eV.  
In CL cluster containing O, v, Y, and Ti [Fig. 4.1 (c)] the center site is the most stable 
position for He with a binding (incorporation) energy of -2.78 (1.78) eV. This finding matches 
well with the result of Danielson et al. [58] who reported a value of 1.85 eV for the 
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incorporation energy for He at the center of the same type of cluster. The result may be also 
compared with the incorporation energy of He on an octahedral interstitial site of bulk Y2Ti2O7. 
Yang et al. [53] and Danielson et al. [46] obtained 0.94 and 0.86 eV, respectively whereas Sun 
et al. [52] reported a value of 1.24 eV. As in the case without Ti, the incorporation of He into 
the center of the small cluster embedded in iron requires more energy than placing He on a 
similar site in the bulk oxide. In contrast to Y2O3 in bulk Y2Ti2O7 the octahedral interstitial site 
surrounded by six Y atoms is the most stable He site, followed by the tetrahedral site with 4 Y 
atoms in the environment. He is also stable on the IVS near v1 [Fig. 4.1 (c)], with binding 
(incorporation) energy of about -2.38 (2.18) eV. This configuration was also found by 
Danielson et. al. [58] who reported a value of 2.26 eV for HeincorpE . Ten tetrahedral and 
octahedral interstitial sites with a distance less than 1.5a  from the center of the cluster are 
not stable. In two cases (o1b, o2a) after relaxation He occupies the IVS near v1 (see above).  
Three cases (o1d, o2b, o2c) yield relaxed structures that were also investigated by Danielson 
et. al. [58] . In the following their data for HeincorpE  are given in brackets: (i) He on an IIS close 
to the octahedron edge with 2Y at corners with 
bE  of -2.42 eV and 
He
incorpE  of 2.14 (2.19) eV, 
(ii) He on an IIS close to the face with 1 Y and 2 Ti at corners with He
bE  of -2.31 eV and 
He
incorpE  
of 2.25 (2.31) eV, and (iii) He on an IIS near the octahedron face with 3 Y at corners with He
bE  
of -2.26 eV and HeincorpE  of 2.30 (2.34) eV. Hence, the results of present work agree well with 
literature data. From the five remaining configurations (o1a, t2d, t2b, o3b, o1c) two are similar 
to that of (i), one is similar to that of (ii), one is similar to that of (iii), and in the last case He is 
asymmetrically placed on an IIS close to the octahedron face with 2Y and 1 Ti with He
bE  (
He
incorpE ) of -2.26 (2.30) eV. In contrast to results for the CL cluster of Fig. 4.1 (a) the relaxed IIS 
structure (i) is more stable than He on the IVS. Interestingly, the tetrahedral and octahedral 
interstitial sites (t2a, t2c o3a) with distances 3.714, 3.111, and 4.173 Å from the center of the 
cluster and closer to Ti atoms than to Y atoms remain stable after relaxation. He on the two 
tetrahedral interstitial sites (t2a, t2c) have a binding (incorporation) energy of -1.55 (3.01) and 
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-0.30 (4.26) eV and He on the octahedral site (o3a) has He
bE  (
He
incorpE ) of -0.24 (4.32) eV.  
Obviously, the presence of Ti reduces the attraction of He by the cluster since such stable sites 
are not observed in the case of the CL clusters without Ti [Fig. 4.1 (a)]. 
In the OC cluster shown in Fig. 4.1 (d) the IVS near v1 is stable with He
bE  (
He
incorpE ) of -2.39 
(2.17) eV. The IVS near v2 is also stable with  He
bE  (
He
incorpE ) of -2.18 (2.87) eV. He on o2a, t1, 
and t2c relaxes towards the first IVS with very similar structure and energetics. He on o1c and 
t2b relaxes to an IIS near the octahedron face with 2 Ti and one Y on the corners, with He
bE  (
He
incorpE ) of -2.34 (2.21) eV. The remaining seven tetrahedral and octahedral interstitial sites are 
also not stable and have different energetics ( He
bE varies from -2.68 to -1.80 eV) and final 
atomic configurations is given in (see Appendix-B [App-B]). In all cases, He is shifted towards 
the cluster during the relaxation. 
 
4.5 Relaxed cluster structures with two He atoms  
Adding two He atoms to the CL cluster of Fig. 4.1 (a), at the center and at an IVS, results 
in a binding energy of -6.51 eV. The comparison with the relaxed configurations after separate 
addition of a single He to respective sites ( He
bE : -3.31 and -3.18 eV, see above) shows that 
each He binds more or less separately. A similar result is obtained for two He on the two 
equivalent IVS: Both He bind with -6.33 eV while He
bE  for single He on IVS is -3.18 eV. 
Inserting one He into the center, the other as an IIS near a octahedron edge with two Y on the 
corner and two O and two v in the environment leads to  2He
bE = -5.32 eV which corresponds 
to the sum of He
bE  for separate addition of He to the two sites. Placing two He atoms 
symmetrically close to v1, with orientation along the <100> direction, yields a binding energy 
of -5.43 eV which is less than the sum of the values of He
bE  obtained by adding one He to a 
vacancy site. The final He arrangement is rather asymmetric with respect to v1.  If the He 
dimer is oriented along <110> a less stable relaxed configuration (-5.11 eV) is obtained, 
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whereby both He atoms are located symmetrically to v1, the orientation is along <110> and 
parallel to the closest octahedron face. 
If two He atoms are inserted into the supercell with the OC cluster shown in Fig. 4.1 (b), 
on the IVS near v2 and v3, a binding energy of -5.51 eV is obtained. Adding two He to the IVS 
near v1 and v3 gives -5.39 eV. The comparison with results of section 4.4 (IVS near v2: -2.71, 
IVS near v3: -.2.81, and IVS near v1: -2.53, v3: – 2.81) shows that the two He atoms bind 
separately. One He on the IVS near v2 and one He on an IIS close to two Y on an octahedron 
edge  gives a binding energy of -4.92 eV which is slightly more stable state than one would 
expect from the sum of the respective values of He
bE  (-2.71 and - 2.10 eV) for two single He 
on these sites. On the other hand, if two He atoms are placed symmetrically close to v1, with 
orientation along the <100> directions, a more stable state with a binding energy of -5.27 eV 
is obtained. More details can be found in the Appendix-B [App-B]. 
In the case of the CL-cluster of Fig. 4.1 (c) adding He at the center and on the IVS near v1 
leads to a binding energy of -5.18 eV. This corresponds to the sum of the values of  He
bE  (-
2.78 and -2.38 eV) for a single He on the respective sites. Placing the first He at the center and 
the second on the site t2d leads to a relaxed state, with one He in the center and the other on 
an IIS close to the two Y at the edge of the octahedron, and to a binding energy 2He
bE = -5.42 
eV. This corresponds to a slightly more stable configuration than one would expect from the 
sum of He
bE  values for single He atoms at one of the two sites (-2.78 and -2.42 eV). Placing 
two He atoms symmetrically close to v1 and with an orientation along the <100> direction 
yields a binding energy of -3.87 eV. The final arrangement of the two He atoms is asymmetric 
with respect to the v1 and is located near the 3Ti face of the octahedron. Orienting the He 
dimer along <110> yields a similar binding energy (-3.84 eV). In the final configuration both He 
atoms are situated symmetrically to the v1 and the orientation remains along <110> parallel 
to the 3Ti octahedron face. 
After inserting two He on the two IVS of the OC cluster depicted in Fig. 4.1 (d) a binding 
energy of -4.69 eV is obtained. This is somewhat more stable than expected from the sum of 
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the values of He
bE  for the IVS near v1 ( -2.39 eV) and v2: (-2.18 eV). The addition of a He dimer 
close to v2 near the 2Ti-1Y face of the (distorted) octahedron, with an orientation along the 
<110> direction, yields a binding energy of -4.78 eV. Interestingly, this configuration is more 
stable than that with two He on the available IVS near v1 and v2. The relaxed configuration is 
symmetric with respect to v2, oriented along <110>, and is parallel to the 2Ti-1Y face. Putting 
a He dimer close to v1 near the 3Ti face with orientation along <100> yields even a more 
attractive state with a binding energy of -5.31 eV. In the relaxed configuration one He atom is 
close to v1, whereas the other is close to the octahedron edge with two Ti on the corners. 
 
4.6 Relaxed cluster structures with three He atoms  
Placing one He atom at the center and two He on the IVS of the CL cluster of Fig. 4.1 (a) 
yields a binding energy for the three He atoms of 3He
bE =-9.68 eV which corresponds to the 
sum of the values of He
bE  for single He atoms at each of these sites. If one He is at the center, 
the other on IVS, and the third on an IIS close to the two Y atoms at the corner of an 
octahedron edge (with two O atoms in the environment) a binding energy of -8.50 eV is 
obtained. Again, this is nearly equal to the sum of the respective He
bE  data for a single He 
atom. The addition of three He atoms symmetrical to v1 and relaxation yields a binding energy 
of -8.41 eV which is exactly the sum of the binding energy for the relaxed dimer near v1 (-5.10 
eV) plus the value of He
bE  (-3.31 eV) for a single He in the center.  
Three He on the three available IVS of the OC cluster of Fig. 4.1 (b) results in a binding 
energy of -8.11 eV which is nearly equal to the sum of the respective He
bE  data for single He 
addition (IVS near v1: -2.53, IVS near v2: -2.71, IVS near v3: -2.81 eV). One He on IVS near v2 
and one on an IVS near v3, and a third on an IIS close to the two Y atoms at the corner of an 
octahedron edge (with two O atoms in the environment) yields -7.61 eV which is the sum of 
the respective He
bE  data (-2.71, -2.81, -2.10) obtained by adding single He on the 
corresponding sites. Placing three He atoms in the environment of v1 leads to a symmetrical 
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trimer around this site with an arrangement parallel to the octahedron face(see Appendix-B 
[App-B]). This is a surprisingly stable state with a trimer binding energy of 3He
bE =-7.97 eV.  
Adding the first He atom to the center of the CL cluster of Fig. 4.1 (c), the second to the 
IVS and the third to an octahedral interstitial site (o2b) causes the rearrangement of the 
oxygen atom close to the third He atom. The second and the third He atoms are arranged in a 
symmetric manner, leading to a binding energy of -7.82 eV for the three He atoms.  This is 
by about 0.3 eV more stable than the sum of the values of He
bE  obtained for a single He at 
the center and on the IVS (-2.78 eV, two times -2.38 eV). On the other hand, placing 3 He 
atoms close to v1 near the 3Ti face of the octahedron yields a configuration with a slightly 
asymmetric trimer and a binding energy of -5.23 eV.  
He on the two available IVS plus one He on the octahedral site o2b yields a relaxed 
configuration with a binding energy 3He
bE of -6.89 eV and the He atoms are slightly 
rearranged. The absolute value of 3He
bE  is higher than one would expect from data of 
He
bE  
for one He at the corresponding sites (-2.39, -2.18, -1.80). After relaxation of three He atoms 
that were introduced into the OC cluster of Fig. 4.1 (d) close to v1 near the (distorted) 
octahedron with 3 Ti atoms, a slightly modified trimer is found with a binding energy of -6.16 
eV which is more stable than the corresponding trimer in the CL cluster (see above). 
 
4.7 Discussion of the energetics of He-cluster interaction 
Up to a distance of 1.5 a from the cluster center, He is strongly attracted by each of the 
four different cluster structures considered in this work. Within this region, He cannot be 
stabilized on most of the tetrahedral and octahedral interstitial sites of the underlying bcc 
lattice but relaxes to positions that are closer to the cluster than the initial sites. The main 
reason for the He trapping capability of the clusters is the existence of enough open or empty 
volume inside the CL clusters and at cluster-Fe interfaces. He as an inert gas atom prefers to 
reside in such regions. The incorporation energy of He on sites near the interface to the iron 
matrix is lower than in bulk bcc Fe (4.56 eV) but higher than in bulk Y2O3 (0.62 [48] or 0.92 eV 
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[45] ) or Y2Ti2O7 (0.94 [53], or 0.86 [46],  or 1.24 eV [52]). This was also pointed out by Sun et 
al. [45] and Yang et al. [56]. Such a trend can be explained qualitatively by the electronic 
structure of the respective solids: In bulk bcc Fe the valence electrons are highly non-localized 
so that a completely empty volume does not exist, whereas in the bulk oxides the electrons 
are much more localized due to the predominantly ionic character of the bonds.  
In this work, the open or empty volume is also pictured by vacancies in the underlying 
bcc lattice that are not assigned to an oxygen atom. He at the vacant site in the center of a CL 
cluster is more stable than on an IVS at the cluster-Fe interface. Due to the small cluster size, 
the incorporation energy at the center site is somewhat higher than at the comparable site in 
bulk Y2O3 or Y2Ti2O7. On other stable sites in the interstice between the cluster and the iron 
matrix (IIS), the absolute value of the He binding energy 
bE  is often smaller than that on IVS. 
However, there are also IIS in clusters with Ti, where He is more stable than on an IVS. 
Comparing He on IVS of CL and OC clusters without Ti, He is found to be more stable in CL 
clusters, whereas no significant difference exists for the clusters with Ti. In clusters without Ti, 
He is more stable in the center and on IVS than in those with Ti. In the case of clusters with Ti 
more different IIS configurations are found than for those without Ti.  
Separate DFT calculations on the binding energy between He on a tetrahedral interstitial 
site in bcc Fe and substitutional Y or Ti as well as O on an octahedral interstitial site were 
performed. It was found that the Y-He pair shows the strongest attraction (-0.46 eV) followed 
by the O-He pair (-0.34 eV) and the Ti-He pair (-0.14 eV). These findings help to explain 
qualitatively why clusters without Ti attract He stronger than those with Ti. However, one 
should also keep in mind that the clusters with Ti contain one more oxygen atom and one less 
vacant site than those without Ti. As already mentioned above, these vacant sites are most 
important for the attraction of He. In bulk bcc Fe the v-He pair has a binding energy of -2.34 
eV. On IVS in clusters with Ti a similar value is obtained (-2.38 eV in CL, -2.18 and -2.39 eV in 
OC clusters), whereas higher absolute values are found in clusters without Ti (-3.18 eV in CL 
and -2-53, -2.71, -2.81 eV in OC clusters). 
In many cases the binding energy of two He atoms to the cluster is about equal to the sum 
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of the He
bE  values for a single He on the respective site. He dimers close to a vacant site are 
mostly less stable than two He on separate IVS. However, in the OC cluster with Ti opposite 
results are found. A sum rule also holds for the binding energy of three He if these are on the 
center site, on an IVS, and on a certain IIS. He trimers close to a vacant site have different 
energetics so that it is not possible to derive a general rule from the large but limited number 
of examples considered here. The finding that the addition of two or three He atoms to the 
environment of a single vacant site is still energetically favorable shows that the cluster 
structures exhibit a very high He storage capability.  Although comprehensive investigations 
on different sites of one, two, or three He atoms in the region of the clusters were performed 
in this work, it is obvious that there are still other possible configurations since the potential 
energy landscape is very complex, in particular in and near clusters with Ti. 
The findings obtained with the supercell consisting of 128 bcc lattice sites have been 
checked by investigating selected cases in a cell with 250 lattice sites. In such a manner the 
influence of the periodic images can be estimated. The results are provided in the Appendix-
B [App-B]. In the larger cell very similar relaxed atomic configurations are found and also the 
values for binding and incorporation energy are nearly equal. In agreement with results for 
the smaller supercell very weak or repulsive interaction between the cluster and He is 
observed if He is apart at more than the distance of 1.5a  from the cluster center. At these 
sites, the incorporation energy of He is nearly equal to that in pure Fe.  
 
4.8 He migration barriers near the clusters 
At given temperature the He storage capability of an oxide nanocluster in iron is not only 
determined by the energetics of the particular stable He site inside the cluster or at the 
cluster-Fe interface but also by the migration barriers a He atom has to overcome in order to 
reach these sites. In the following, the focus is on barriers between stable He sites at the 
interface and the center site in CL clusters.  
For clusters without Ti only two stable sites were found at the interface (see section 4.4). 
Figs. 4.2 (a) and (b) show barriers for the He jump between an IVS and the center and between 
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an IIS (close to an octahedron edge) and the center, respectively. The second migration path 
is not relevant because of the high barriers. The first one is important since the barrier for He 
jump to the center is very low (0.07 eV), i.e. only slightly higher than the migration barrier of 
He in bulk bcc Fe (0.06 eV [91]). Therefore, He can be easily trapped on the center site at 
temperatures relevant for practical applications. On the other hand, leaving the center site is 
more difficult since the barrier is by about a factor of three higher. Several barriers between 
stable He sites at the cluster-iron interface and the center site were determined for the CL 
cluster with Ti. Figs. 4.2 (c-e) depict barriers for jumps from the center to stable interfacial 
sites. These sites were also found by Danielson et. al. [58] (cf. section 4.4). Surprisingly the 
barrier between the IVS and the center site is very high. The most relevant jump is that from 
the IIS near the octahedron face with 2 Ti and one Y on the corner to the center site, with a 
barrier of 0.14 eV (IIS relaxed from o2b). The barriers for jumps to the center site from: (i) a 
He site close to an octahedron edge with 2Y at corners (IIS relaxed from o1a), (ii) a He site in 
the region of the 2Y-1Ti octahedron face (IIS relaxed from o1c), and (iii) another He site close 
to the octahedron edge with 2Y at corners (IIS relaxed from o1d) are similar [Figs. 4.2 (e-g)]. 
These jumps are less probable than that shown in Fig. 4.2 (d) because of the higher barrier of 
about 0.35 eV. In cases (i)-(iii) the barriers for a jump from the center to a site at the interface 
are comparable with that in Fig. 4.2 (d) so that in all these cases He is effectively trapped. 
The results on the barriers for jumps between a stable He site at the interface and the 
center of CL clusters clearly show preferred minimum energy paths with high importance for 
He storage. Interestingly, the barrier for a jump to the center of the CL cluster without Ti is 
lower than for the CL cluster with Ti. Present findings also indicate possible migration paths 
for He incorporation into larger clusters. However, it must be also noticed that not only the 
octahedral sites with 6 Y or 3 Y and 3 Ti atoms in the environment can store He (which 
corresponds to the center site of the CL clusters), but also other sites existing in the interstice 
of the oxide (Y2O3, Y2Ti2O7) structures, such as tetrahedral and octahedral sites with different 
atomic environments [45, 46, 48, 52]. 
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4.9 Relaxed cluster configurations with one additional vacancy 
The calculation of the formation or incorporation energy of single vacancy in bcc Fe yields 
a value of 2.17 eV which is in agreement with literature data [94, 95]. To investigate the 
interaction between the vacancy (v) and the clusters shown in Fig. 4.1 we have selected three 
particular bcc sites close to the clusters. The corresponding binding (incorporation) energies 
of v are given in Table 4.1 and the atomic configurations before and after relaxation are 
provided in the Appendix-B [App-B]. 
First a vacancy (v) at the bcc site A, at first neighbor distance to an IVS, is considered. The 
v is weakly attracted by all the four cluster structure. Interestingly, the attraction is somewhat 
stronger by the clusters with Ti where the v is near the face with 3 Ti atoms on the corner. In 
the second case, with the v on the site B, and nearly at first neighbor distance to an oxygen 
atom, or exactly at first neighbor distance to the vacant site assigned to the O atom, the 
attraction of v is stronger than on site A. The absolute value of the binding energy is higher for 
the clusters without Ti.  In contrast to v on site A, the attraction by OC clusters is stronger 
than that by CL clusters. Placing the v on site C, nearly at first neighbor distance to two O 
atoms leads to relatively strong deformations of the CL clusters, whereas the form of the OC 
clusters is only slightly modified. In these four cases the absolute value of the binding energy 
is much higher than in the two examples discussed before. Clusters with Ti are slightly less 
attractive than those without Ti. 
Depending on the selected V site a weaker or stronger attraction by the clusters is found. 
Our results agree qualitatively with those of Brodrick et al. [54] who found that an interface 
between Y2O3 and bcc Fe can act as trap for v. If v is placed at first neighbor distance (site A) 
to an IVS the absolute value of the binding energy is relatively small. The attraction of v on site 
A close to the octahedron face with 3 Ti atoms on corners [see Figs. 4.1 (c) and (d)] is 
comparable with the binding energy between two vacancies in pure Fe at the first neighbor 
distance (-0.16 eV, see e.g. [80]). This is not surprising since the v on site A has this distance  
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Fig. 4.2: Migration barriers for a He jump from the cluster center to a site at the cluster-iron interface 
to an interfacial vacant site (IVS) (a), to an interfacial interstitial site (IIS) of the CL O-Y cluster (b) 
and to an IVS (c) as well as to different IIS (d-g) of the CL O-Y-Ti cluster. The lines are drawn to 
guide the eye. In the calculations of the barriers the relaxed He positions at the center, on IVS, and 
on IIS are used. The denotations in the right part of the figures concern the He positions before 
relaxation (see Fig. 4.1). The corresponding relaxed configurations are discussed and shown in 
section 4.4 and in the Appendix-B [App-B], respectively. 
 
from a vacancy that belongs to the cluster and is situated on the face with 3 Ti atoms on 
corners (see also Appendix-B [App-B]). In clusters without Ti the interaction with the 
corresponding v in the cluster is weaker. On site B where the v is bound stronger. From 
literature it known that in pure Fe a vacancy attracts oxygen strongly (see e.g. [79]) This may 
be also the reason why on site C the attraction of v is higher than on site B since there are two 
oxygen atoms in the environment of v. However, not only the O-v interaction is responsible 
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for the value of binding energy but also the other constituents as well as the particular atomic 
structure of the clusters. Finally, it should be noticed that there are also other non-equivalent 
sites for v in the vicinity of the cluster which were not studied in this work. 
 
Table 4.1: Binding (incorporation) energy of a vacancy inserted on sites A, B, and C near the cluster 
models depicted in Fig. 4.1. 
v site CL-OY  
Fig. 4.1 (a) 
OC-OY 
 Fig. 4.1 (b) 
CL-OYTi  
Fig. 4.1 (c) 
OC-OYTi  
Fig. 4.1 (d)  
A -0.076 
(2.09) 
-0.012 
(2.16) 
-0.24 
(1.93) 
-0.16 
(2.00) 
B -0.79 
(1.38) 
-1.06 
(1.11) 
-0.40 
(1.77) 
-0.98 
(1.19) 
C -1.99  
(0.18) 
-1.97 
(0.20) 
-1.85 
(0.32) 
-1.73 
(0.43) 
 
4.10 Relaxed cluster configurations with one additional self-interstitial atom 
It is well known from literature that in bcc Fe the most stable self-interstitial atom (SIA) 
configuration is the <110> dumbbell [94, 95]. In this work the value of 3.91 eV was obtained 
for the SIA formation or incorporation energy with a distance of 1.93 Å between both atoms 
of the dumbbell. This agrees well with results of other authors [94]. In order to assess the 
interaction of the clusters with a SIA the dumbbell was put, with a certain orientation, on three 
selected bcc sites in the iron matrix near the cluster.  The atomic configurations before and 
after relaxation are shown in the Appendix-B [App-B]. The data on energetics are given in Table 
4.2.  
In the first case a dumbbell with [110] orientation is placed on the iron site A with a first 
neighbor distance to an IVS of the cluster, and with about equal distance to the 3 Y atoms on 
the corners of the corresponding octahedron face. For each of the cluster structures depicted 
in Fig. 4.1 minimization of total energy of the supercell (relaxation) leads to recombination of 
the SIA with the vacancy on the IVS. That means that one Fe atom of the dumbbell moves to 
65 
 
 
the IVS, the other to the bcc site of the original SIA. The basic atomic configuration of the 
cluster does not change during the recombination process. The corresponding binding 
(incorporation) energies of the SIA are given in Table 4.2. Furthermore, a SIA is inserted with 
[101] orientation on the iron site B having about a first neighbor distance to one oxygen atom, 
and equal distance to the 2 Y atoms on the corners of the corresponding octahedron edge. 
Relaxation alters the structure of the clusters significantly so that the original CL or OC pattern 
is more or less lost, with exception of the OC cluster without Ti. This strong structural change 
is presumably due to the small size of the clusters. The oxygen atom initially situated closest 
to the SIA is pushed away and one atom of the dumbbell is shifted towards the vacant site of 
the underlying bcc lattice that had initially assigned to the pushed oxygen. The other Fe atom 
occupies the original bcc site of the dumbbell. In dependence on the final position of the 
pushed O atom the binding (incorporation) energy of the SIA varies. A particularly high 
absolute value of the SIA binding energy is found for the significantly altered structures. In 
these cases the SIA incorporation energy is negative or close to zero, which is further evidence 
that initial cluster configuration becomes unstable during interaction with the SIA (cf. Brodrick 
et al. [54]). The OC cluster of Fig. 4.1 (b) is only slightly altered by the addition of the SIA, and 
here attraction is much lower than in the case where the SIA is placed on site A. In the third 
case a dumbbell with [10-1] orientation is put on the iron site C with about a first neighbor 
distance to two adjacent O atoms, and equal distance to the 2 Y atoms on the corners of the 
corresponding octahedron edge. Again, except for OC cluster without Ti [Fig. 4.1 (b)] the 
relaxation of the supercell leads to changed cluster configurations and almost to a loss of the 
original CL or OC structure. One of the O atoms is shifted towards the cluster center and also 
the positions of the other atoms change. One Fe atom of the dumbbell is displaced to the 
vacant site of the underlying bcc lattice that had initially assigned to the pushed oxygen. The 
other is shifted to the initial site of the dumbbell. In the case of Fig. 4.1 (b) the binding energy 
of the SIA is in the same order of magnitude as that obtained for placing the SIA on site B.   
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Table 4.2: Binding (incorporation) energy of a SIA inserted (with a certain orientation of the dumbbell) 
on sites A, B, and C near the cluster models depicted in Fig. 4.1. 
SIA site 
and 
orientation 
CL-OY  
Fig. 4.1 (a) 
OC-OY  
Fig. 4.1 (b) 
CL-OYTi  
Fig. 4.1 (c) 
OC-OYTi  
Fig. 4.1 (d) 
A [110] 
-3.50  
(0.42) 
-3.70 
(0.22) 
-3.41 
(0.51) 
-3.55 
(0.36) 
B [101] 
-4.19 
(-0.27) 
-2.08 
(1.84) 
-3.89 
(0.029) 
-4.21 
(-0.30) 
C [10-1] 
-2.98 
 (0.94) 
-1.91 
(2.00) 
-3.58 
(0.33) 
-3.98 
(-0.061) 
 
 
The above results show that there is a strong attraction between a SIA and the cluster 
structures under consideration. This is mainly due to the availability of open volume or vacant 
sites. Due to recombination the initial SIA disappears, together with a part of the open volume. 
However, the relaxed cluster structures are still relatively open, so that they can certainly trap 
a few additional SIA until saturation is reached. Since the studied cluster configurations are 
small strong modifications of their structure are often observed. This will be certainly not 
happen for larger clusters. Nevertheless the present study unambiguously demonstrates that 
SIA can be trapped and annihilated by O-Y and O-Y-Ti clusters in bcc Fe. This is also in 
qualitative agreement with results of Brodrick et al. [54] who found that an interface between 
Y2O3 and bcc Fe can act as trap for SIA.  
 
4.11 Summary 
DFT calculations were performed in order to study the interaction of O-Y and O-Y-Ti 
clusters embedded in bcc Fe with He atoms, vacancies (v) and self-interstitial atoms (SIA). He 
in the center of a cage-like (CL) cluster is more stable than on an interfacial vacant site (IVS) at 
the cluster-Fe interface. Due to the small size of the investigated clusters the incorporation 
energy at the center site is higher than at the corresponding site in the bulk oxides Y2O3 or 
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Y2Ti2O7. In CL O-Y clusters He on an IVS is more stable than in the configuration with oxygen in 
the center (OC), whereas there is no significant difference between the two kinds for clusters 
with Ti. Within a distance of 1.5 a  from the cluster center, He is not stable on most of the 
possible octahedral and tetrahedral interstitial sites of the underlying bcc Fe near the cluster-
Fe interface. Instead, He is strongly attracted by each of the four different cluster structures 
and is shifted towards positions closer to the cluster. Relaxation to the known IVS as well as 
to previously unknown interfacial interstitial sites (IIS) is observed. He on such IIS is often less 
stable than on IVS but in few cases the opposite was found. Adding two or three He atoms to 
the environment of a cluster yields binding and incorporation energies that are nearly equal 
to the sum of the values obtained for the interaction with a single He atom. On the other hand, 
placing He dimers or trimers in the environment of a vacancy may also lead to relatively high 
(low) absolute values of the binding (incorporation) energy. All these results clearly show the 
high He storage/trapping capability of the clusters. Despite the comprehensive investigations 
performed in this work it is obvious that there are still other possible configurations, since the 
potential energy landscape is very complex, in particular in and near the clusters with Ti. 
Moreover, jumping barriers of He between the cluster-iron interface and the center of the CL 
clusters were determined. Due to the low incorporation energy on the center site the barrier 
for the jump to this position is lower than that for the backward jump. In the CL O-Y cluster 
the values of both barriers are lower than in the CL O-Y-Ti cluster, i.e. trapping and release of 
He is easier in the former than in the latter. 
The interaction of an additional vacancy (v) with the different cluster structures is 
attractive but depends strongly on the site of v. The environment of oxygen atoms leads to 
strongest attraction which is consistent with the high absolute value of the binding energy of 
an oxygen-vacancy pair in pure bcc Fe. The recombination of SIA with nearby vacancy shows 
that the cluster is not only a trap for the v but also for the SIA 
The results of the present work confirm findings of few previous theoretical investigations 
that O-Y and O-Y-Ti clusters embedded in bcc Fe are efficient traps for radiation defects. This 
is in agreement with experimental observation. New aspects concern results of our detailed 
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studies on the influence of different cluster structures (CL and OC) and the calculation of He 
jump barriers. The role of open volume regions for He storage was highlighted and combined 
with a qualitative discussion on the basis of the electron structure of bcc Fe and the oxides 
Y2O3 or Y2Ti2O7.  
 
 
X  -------------------------------  X 
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5. Conclusions and outlook 
 
The focus of this thesis work has been on two main topics: 
 Investigation of different structural models for atomic clusters in bcc Fe with the 
constituents O, vacancies, Y, and Ti 
 Investigation of the interaction of the above mentioned clusters with He, vacancies (v) 
and self-interstitial atoms (SIA) 
Density Functional Theory (DFT) calculations have been performed in order to obtain results 
regarding ground-state energetics and atomic configurations for the various supercells 
considered. Due to limitations of computational resources only small clusters with dimensions 
below 1 nm could be treated. This size is still too low for a simultaneous determination of 
atomic structure and composition by advanced experimental methods. These small clusters 
may be considered as nuclei for further structural evolution and growth. Within the further 
evolution process there may be a selection of favored structures, and if the clusters reach a 
size of some nm they can be unambiguously identified by experimental analysis. Nevertheless 
the present work yields a number of important contributions concerning structure and 
energetics of the small clusters and regarding their He storage capacity and their affinity to v 
and SIA.  
The following structural models for the clusters have been considered: 
 Structure Matching (SM) model: The cluster consists of a part of the unit cell of the 
native oxides Y2O3 or Y2Ti2O7 and the corresponding <100> planes are parallel to the 
<100> planes of bcc Fe. 
 Point Defect (PD) model: v, Y, and Ti are placed on bcc lattice sites and O is put on the 
octahedral interstitial sites of bcc Fe. The geometrical arrangement of the atoms is set 
as similar as possible to the SM model.   
 All Substitutional (AS) model: O, v, Y, and Ti are placed on bcc sites, and the geometrical 
form is as similar as possible to the SM model. 
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 Due to the structure of the native oxides Y2O3 and Y2Ti2O7, clusters within the SM, PD, 
and AS models have a form like an octahedron with an empty site in the center. They 
are therefore called cage-like (CL) clusters. Three other structural models can be 
derived by placing one of the O atoms into the center. These models are called O-in-
center (OC) models. 
 
The six cluster models have been investigated by DFT for identical compositions of O, v, Y, and 
Ti and the following results have been obtained:  
 The most important finding consists in the statement that the data on the stability or 
energetics of the relaxed clusters are comparable although their atomic configurations 
are often different. This contradicts the prevailing opinion in the related theoretical 
literature that favors the SM-CL model. 
 In all studied cases the absolute value of the total binding energy per cluster 
constituent becomes lower if Y is partially replaced by Ti, i.e. the driving force for the 
growth of O-Y clusters is higher than that of O-Y-Ti clusters. This may be correlated 
with the experimental observation that the presence of Ti leads to a reduction of the 
size of the oxide clusters in nanostructured ferritic alloys and to a higher dispersion. 
 A further major result is the finding that CL clusters and OC-clusters have a similar total 
binding energy. If Ti is not present such clusters are slightly more stable than the 
corresponding CL clusters. The opposite holds for clusters with Ti. It is also shown that 
adding O atoms to CL cluster leads to structures with O in the center.  
 OC-type clusters can be considered as nuclei for nanoclusters with rock-salt structure. 
Such a structure was also discussed in the literature, based on the analysis of 
experimental data. However, the presently prevailing opinion is that most of the 
observed several nanometer-sized clusters are near-stoichiometric CL structures. 
 The transformation between CL- and OC-type cluster occurs by a jump of an oxygen 
atom to or from the cluster center. For SM clusters without Y the barrier for the jump 
to the center is rather low while that for the reverse jump is high. The opposite is the 
case for clusters with Ti.  
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 The application of the rigid lattice model (RLM), with bcc lattice sites for v, Y, and Ti, 
and octahedral interstitial sites for O and with DFT-based pair and triple interaction 
parameters, to the PD and PD-OC cluster model yields data for cluster energetics that 
agree well with the DFT results of this work.  
 Vacancies are an important factor in stabilizing the cluster due to the very strong 
binding with O. We infer that the Ov pair may be the origin for cluster nucleation 
growth. 
The interaction of clusters with He, v, and SIA has been studied using relaxed SM-CL and SM-
OC clusters with two compositions. In the first case the cluster contains 6O, 9v, and 6Y, in the 
second 7O, 9v, 3Y, and 3Ti.  
 
He is placed on following positions: 
 One He on a vacancy site in the center of a CL cluster. This position corresponds to an 
octahedral interstitial site in bulk Y2O3 or Y2Ti2O7. 
 One He on a vacancy site at the cluster-iron interface: Both in CL and OC clusters vacant 
bcc sites, which are not assigned to oxygen atoms are available there. 
 One He on interstitial sites: In the interface region He might occupy tetrahedral and 
octahedral interstitial sites of the underlying bcc lattice. The investigations were 
limited to such interstitial sites with a distance of less or equal than 1.5 times the lattice 
constant of bcc Fe.  
 Furthermore, two or three He atoms are placed on some of the above-mentioned sites, 
and on some other positions. 
 
Three bcc lattice sites are chosen for adding v or SIA. 
The following results of DFT calculations clearly show the high He storage/trapping capability 
of the clusters. The main reason is the low electron density in the empty regions of the oxide-
like structure of the cluster. Such regions are not available in iron due to its non-localized 
valence electrons. 
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 He in the center of a CL cluster is more stable than on an interfacial vacant site (IVS) at 
the cluster-Fe interface.  
 In CL clusters without Ti, He on an IVS is more stable than in the cluster configuration 
with oxygen in the center (OC), whereas there is no significant difference between the 
two kinds for clusters with Ti. 
 Within a distance of 1.5 times the lattice constant of bcc Fe from the cluster center, He 
is not stable on most of the possible octahedral and tetrahedral interstitial sites of the 
underlying bcc Fe. Instead, He is strongly attracted by the cluster structures and is 
shifted towards positions closer to the cluster. Relaxation to the known IVS as well as 
to previously unknown interfacial interstitial sites (IIS) is observed. He on such IIS is 
often less stable than on IVS. Away from cluster, the He behavior is similar as in bulk 
bcc Fe. 
 If two or three He atoms are inserted the corresponding binding and incorporation 
energies are nearly equal to the sum of the values obtained for the interaction with a 
single He atom. Placing He dimers or trimers in the environment of a vacancy may even 
lead to relatively high (low) absolute values of the binding (incorporation) energy.  
 The jump barriers for He between certain sites at the rim and the center of CL clusters 
are lower for clusters without Ti than in those with Ti. That means that trapping and 
release of He is easier in the former than in the latter. 
 
Furthermore, DFT studies revealed that the interaction of a v with a cluster strongly depends 
on the v site. The environment of oxygen atoms leads to strongest attraction, which is 
consistent with the high absolute value of the binding energy of an Ov pair in bulk bcc Fe. The 
recombination of SIA with nearby vacancy shows the cluster acts not only as trap for the v but 
also for the SIA. 
 
In order to increase our knowledge on the properties of O-Y and O-Y-Ti nanoclusters in iron 
alloys further research should be performed on the following topics: 
 
73 
 
 
 More DFT results on clusters with other interface orientation and stoichiometry would 
be desirable. 
 Future work is required to investigate the evolution and growth of the different, but 
equivalent cluster structures that were discussed in this work. In particular this 
concerns the search for selection rules that enable the formation of the larger, 
nanometer-size clusters found in experiment. For this purpose the availability of a 
sufficiently precise interatomic potential for the Fe-O–Y–Ti –He system would be highly 
desirable. The DFT data presented in this work can be used in the development of 
potentials. The use of such potentials would allow for the treatment of larger 
simulation cells than it is possible for DFT investigations and the application of 
methods like molecular dynamics and Monte Carlo simulations. As shown in this work, 
the use of a rigid lattice model with DFT-based interaction parameters can be helpful 
for an approximate description of the clusters. Therefore, this method may be further 
improved and employed in future lattice Monte Carlo simulations.   
 Also the consideration of the free binding energy of the clusters instead of the ground-
state binding energy would lead to more insight in the issue of cluster evolution. For 
this purpose, mainly the phonon contributions to free energy must be considered.  
 Experimentally, it is very important to clarify unambiguously whether after mechanical 
alloying O, Y, and Ti are really completely dissolved in the iron-based matrix. If there 
were still remaining nuclei of yttria, the CL cluster structures might be favored from 
the very beginning of the process of NFA formation.  
 Theoretical work is required to investigate the trapping capabilities of more different 
kinds of oxide clusters, e.g. those with higher oxygen content, and to determine more 
migration barriers for He, v, or SIA in the environment of the clusters. 
 
X  -------------------------------  X 
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Appendix-A 
 
 
Summary of all details related to chapter 3:  
 
Cluster models and their relaxed configurations 
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Fig. A1: Illustration of the construction of the 6O9v6Y (a) and the 7O9v3Y3Ti (b) clusters within the 
framework of the Structure Matching (SM) model. 
 
 
 
 
 
 
 
 
 
 
 
Cluster construction: structure matching Y-O 
cluster 
Cluster construction: structure matching Y-Ti-O cluster 
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Fig. A2: Complete representation of the small clusters containing O, Y, and vacancies (v): SM, PD, 
and AS templates (cf. Fig. 3.1, chapter 3) used for the cluster construction (a), pictures of the clusters 
before (left) and after (right) relaxation (b-kk). Red, green, gray, and yellow spheres show O, Y, Fe 
atoms, and vacancies, respectively (b-kk). Fig. 3.3 (a) (chapter 3) shows the total binding energy of 
the relaxed clusters per cluster constituent (O,v,Y). 
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Fig. A3: Complete representation of the small clusters containing O, Y, Ti, and vacancies (v): SM, 
PD-2, and AS templates (cf. Fig. 3.2, chapter 3) used for the cluster construction (a), pictures of the 
clusters before (left) and after (right) relaxation (b-mm). Red, green, blue, gray, and yellow spheres 
show O, Y, Ti,  Fe atoms, and vacancies, respectively (b-mm). Fig. 3.3 (b) (chapter 3) shows the 
total binding energy of the relaxed clusters per cluster constituent (O,v,Y,Ti). 
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Fig. A4: 6O9v6Y clusters within a supercell containing 250 bcc lattice sites. The left and right figures 
show the atomic configurations before and after relaxation, respectively. The total binding energy 
and other characteristics of these clusters are given in Table 3.1 (chapter 3).   
 
   
 
 
 
95 
 
 
Fig. A5: 7O9v3Y3Ti clusters within a supercell containing 250 bcc lattice sites. The left and right 
figures show the atomic configurations before and after relaxation, respectively. The total binding 
energy and other characteristics of these clusters are given in Table 3.1.  
 
   
 
Fig. A6: Complete representation of atomic configurations of 6O9v6Y clusters with one O atom in 
the center (OC configurations). The left figures show the clusters before relaxation, whereas the 
middle and the right figures depict the relaxed clusters. Red arrows indicate the site from which one 
O atom was shifted towards the center (cf. also Fig. 3.1, chapter 3). The black arrows denote the 
viewing direction, which was applied to get the right figures. The total binding energy and other 
characteristics of these clusters are given in Table 3.2 (chapter 3). 
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Fig. A7: Complete representation of atomic configurations of 7O9v3Y3Ti clusters with one O atom 
is in the center (OC configurations). See Fig. A6 for the explanation of the details of the pictures.   
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Fig. A8: Atomic configurations of 6O9v6Y clusters with one O atom in the center (OC configurations), 
within a supercell containing 250 bcc lattice sites. See Fig. A6 for the explanation of the details of the 
pictures.   
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Appendix-B 
 
Summary of all details related to chapter 4: 
 
Relaxed cluster configurations containing He atoms, 
vacancies, and self-interstitial atoms  
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App-B1: Relaxed cluster configurations containing one He atom  
 
In all following figures, the cyan ball represents the He atom. The values of He binding and 
incorporation energy are given in the form  ( , ). All values are in eV. Only parts of 
the supercell are shown in the figures. 
 
1. He in the cage-like (CL) O-Y cluster 
 
Fig. B1: The initial He sites considered for the calculation of He interaction with the cage like O-Y 
(CL) cluster. White, green, and red balls represents Fe, Y, and O, respectively. Gray and magenta 
balls denote octahedral and tetrahedral interstitial sites in the underlying bcc lattice. Gold and light 
green balls are vacant sites at the cluster center and the cluster-iron interface. Vacancies which 
belong to the cluster are represented by yellow balls. Note that all sites of the underlying perfect bcc 
lattice which are not occupied by metal atoms (Fe, Y, Ti) are counted as vacancies. That means that 
all O atoms are assigned to vacancies. The above definition of vacancies is not strictly necessary. 
However, such a definition may be helpful to understand better the properties of the clusters. Purple 
balls show possible sites for an additional vacancy and an additional self-interstitial atom (see 
sections App-B4 and App-B5 ).  
 
 
He
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The following figures show relaxed configurations 
 
Fig. B1a: He at the center of cluster stays there. 
 
center (-3.31, 1.25)    
     
 
Fig. B1b: He on v1, o1b, o2a, and t1 relaxes to a stable site near the vacancy position v1. In the following 
such stable site are called interfacial vacant sites (IVS). 
 
v1 (-3.18, 1.37)         o1b (-3.17, 1.38) 
        
o2a (-3.16, 1.39)        t1 ( -3.18, 1.37)  
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Fig. B1c: In the following nine cases a transformation to cluster configurations with oxygen in the center 
(OC) occurs, with He on a IVS close to a vacancy position. Here He binding and incorporation energies 
were determined with OC cluster without He as reference.  
 
 
o2b (-2.65, 1.91)              o2c (-2.65, 1.91)    o2d (-2.65, 1.91) 
    
 
o2e (-2.65, 1.91)    o3a (-2.75, 1.80)  o3b ( -2.65, 1.90)       
    
 
t2a (-2.65, 1.91)           t2b (-2.65, 1.91)    t2c (-2.75, 1.80) 
    
 
108 
 
 
Fig. B1d: He on o1a relaxes to an interfacial interstitial site in vicinity of the octahedron edge with two Y, 
and close to two O atoms.  In the following the term interfacial interstitial site (IIS) is generally used for 
relaxed He sites which are neither a center site nor an interfacial vacant site (IVS). 
 
o1a  (-2.01,  2.54) 
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2. He in the O-Y cluster with oxygen in the center (OC) 
 
Fig. B2: The initial He sites considered for the calculation of He interaction with the O-Y cluster with 
oxygen in the center (OC). White, green, and red balls represent Fe, Y, and O, respectively. Gray 
and magenta balls denote octahedral and tetrahedral interstitial sites in the underlying bcc lattice. 
Light green balls are vacant sites at the cluster-iron interface. Vacancies which belong to the cluster 
are represented by yellow balls. Purple balls show possible sites for an additional vacancy and an 
additional self-interstitial atom (see sections App-B4 and App-B5). 
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The following figures show relaxed configurations. 
 
Fig. B2a: He on v1, v2, v3 relaxes to nearby IVS. 
 
   v1 (-2.56, 2.02)     v2 (-2.71, 1.84)      v3 (-2.81,1.74) 
    
 
Relaxation to an IVS position close to v1: 
   o3a (-2.65, 1.91)       t2b (-2.65, 1.91) 
     
 
Relaxation to an IVS position close to v2: 
o1b (-2.75, 1.80)    o2a  (-2.75, 1.80)   o3b (-2.75, 1.80) 
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t1 (-2.75, 1.80)           t2a (-2.75, 1.80)    t2c (-2.75, 1.80) 
    
 
Relaxation to an IVS position close to v3: 
o3c (-2.81, 1.74) 
 
 
Fig. B2b:  He on o1a and o2b relaxes to interfacial interstitial sites (IIS). 
  
 o1a (-2.10, 2.46)           o2b (-2.07, 2.40) 
 
         
He occupies an IIS in the environment 
of an octahedron edge formed by two 
Y atoms, with two O atoms in the 
vicinity 
He occupies an IIS in the environment 
of an octahedron edge formed by two 
Y atoms, without two O atoms in the 
vicinity 
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3. He in the cage-like (CL) O-Y-Ti cluster  
 
 
Fig. B3: The initial He sites considered for the calculation of He interaction with the CL O-Y-Ti cluster. 
White, green, blue and red balls represent Fe, Y, Ti and O, respectively. Gray and magenta balls 
denote octahedral and tetrahedral interstitial sites in the underlying bcc lattice. Gold and light green 
balls are vacant sites at the cluster center and the cluster-iron interface. Vacancies which belong to 
the cluster are represented by yellow balls. Purple balls show possible sites for an additional vacancy 
and an additional self-interstitial atom (see sections App-B4 and App-B5). 
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The following figures show relaxed configurations. 
 
Fig. B3a: He at the center of the cluster stays there. 
 
Center (-2.78, 1.78) : This configuration was also found by Danielson et al. (See Fig. 3e in Ref 
[58] ) with the incorporation energy of 1.85 eV. 
 
 
Fig. B3b: He relaxes to an IVS near v1.  
(cf. Fig. 3d in Ref [58], incorporation energy of 2.26 eV) 
 
  v1 (-2.38, 2.18)    o1b (-2.38, 2.18)     o2a ( -2.38, 2.18) 
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Fig. B3c: He relaxes to different IIS. 
 
 o1d ( -2.42, 2.14)          o2b (-2.30, 2.25) 
          
 
o2c (-2.26, 2.30) 
He is on an IIS close to the octahedron face with 3Y at corners  
(cf. Fig. 3b in Ref [58] : incorporation energy of 2.34 eV) 
 
o1a (-2.45, 2.10)      
He relaxes to an IIS close to the octahedron edge with 2Y at corners  
   
He is on an IIS close to the octahedron 
edge with 2Y at corners (cf. Fig. 3c in Ref 
[58] : incorporation energy of 2.19 eV)  
He is on an IIS close to the face with 1 Y 
and 2 Ti at corners (cf. Fig. 3a in Ref [58] 
: incorporation energy of 2.31 eV) 
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 t2d (-2.49 , 2.06)          t2b (-2.34, 2.21) 
  
          
 
 o3b (-2.25, 2.30)                  o1c (-2.26, 2.29) 
 
        
 
Fig. B3d:  He is stable near the initial interstitial sites. 
t2a (-1.55, 3.01) 
  
He relaxes to another IIS close to the 
octahedron edge with 2Y at corners 
He is on an IIS near the  
octahedron face with 3Y 
He is on an IIS asymmetrically placed close to 
the octahedron face with 2 Y and 1 Ti 
He is on an IIS close to the octahedron 
face with 1 Y and 2 Ti at corners 
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t2c (-0.31, 4.26)                           o3a (-0.24, 4.32) 
     
 
4. He in the O-Y-Ti cluster with oxygen in the center (OC) 
 
Fig. B4: The initial He sites considered for the calculation of the He interaction with the O-Y-Ti cluster 
with oxygen in the center (OC). White, green, blue and red balls represent Fe, Y, Ti and O, 
respectively. Gray and magenta balls denote octahedral and tetrahedral interstitial sites in the 
underlying bcc lattice. Light green balls are vacant sites at the cluster-iron interface. Vacancies that 
belong to the cluster are represented by yellow balls. Purple balls show possible sites for an 
additional vacancy and an additional self-interstitial atom (see sections App-B4 and App-B5). 
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The following figures show relaxed configurations. 
 
Fig. B4a: He is on IVS near v1 or v2 
v1 (-2.39, 2.17)      v2 (-2.18, 2.37) 
     
 
Relaxation to an IVS position close to v1:  
o2a (-2.39, 2.17)           t1 (-2.39, 2.17)    t2c (-2.39, 2.17) 
    
 
Fig. B4b: Relaxation to IIS 
He relaxes to an IIS close to the octahedron face with 2 Ti and one Y on the corners. 
o1c (-2.34, 2.21)        t2b (-2.34, 2.21) 
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The sites o1a, o1d, o2b, o3a, o3b, t2a, and t2d are not stable: He relaxes to different IIS 
configurations.   
 
   o1a (-1.99, 2.55)          o1d (-2.68, 1.87 )    o2b (-1.80, 2.75) 
   
 
 o3a (-1.94, 2.60)     o3b (-2.64, 1.91)    t2a (-2.47, 2.07) 
   
t2d (-2.64, 1.91) 
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App-B2:  Relaxed cluster configurations containing two He atoms  
 
In the following the cyan balls are the two He atoms. Figures on the left side depict the cluster 
with the initial He sites and on the right side the relaxed configuration is shown. White, green, 
blue, and red balls represent Fe, Y, Ti, and O, respectively. Vacancies which belong to the 
cluster are represented by yellow balls. The values of He binding and incorporation energy are 
given in the form ( , ). All values are in eV. Only parts of the supercell are shown in 
the figures. 
 
 
5. Two He in the CL O-Y cluster 
 
 
Fig. B5a: 
Initial configuration: He at center and on an IVS, both He sites correspond to relaxed 
configurations obtained by adding one He to the cluster.    
Relaxed configuration: (-6.51, 2.61) 
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Fig. B5b:  
 
Initial configuration: He on the two available IVS, both He sites correspond to relaxed 
configurations obtained by adding one He to the cluster.    
Relaxed configuration: (-6.33, 2.79) 
    
 
Fig. B5c:  
 
Initial configuration: He at center and on an IIS near a octahedron edge with two Y on the 
corner and two O and two v in the environment, both He sites correspond to relaxed 
configurations obtained by adding one He to the cluster.    
Relaxed configuration: (-5.32, 3.79) 
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Fig. B5d :  
 
Initial configuration: Two He atoms are placed symmetrically close to v1 with orientation 
along the <100> direction 
Relaxed configuration: (-5.43, 3.69) 
      
 
Initial configuration: Two He atoms are placed symmetrically close to v1 with orientation along 
the <110> direction 
Relaxed configuration: (-5.11, 4.01) 
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6. Two He in the OC O-Y cluster  
 
Fig. B6a:  
Initial configuration: He on two IVS (near v2 and v3), both He sites correspond to relaxed 
configurations obtained by adding one He to the cluster.    
Relaxed configuration:  (-5.51, 3.60) 
      
 
 
 
 
Initial configuration: He on two IVS (near v1 and v3), both He sites correspond to relaxed 
configurations obtained by adding one He to the cluster 
Relaxed configuration:  (-5.39, 3.71) 
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Fig. B6b:  
Initial configuration: He on the IVS near v2 and one He on an IIS close to two Y on an 
octahedron edge, both He sites correspond to relaxed configurations obtained by adding one 
He to the cluster.    
 
Relaxed configuration:  (-4.92, 4.18 ) 
      
 
Initial configuration: Two He atoms are placed symmetrically close to v1 with orientation along 
the <100> direction 
Relaxed configuration:  (-5.27, 3.83) 
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7. Two He in the CL O-Y-Ti cluster  
 
Fig. B7a:   
Initial configuration: He at center and on an IVS, both He sites correspond to relaxed 
configurations obtained by adding one He to the cluster.    
Relaxed configuration:  (-5.18, 3.93) 
   
 
 
 
Fig. B7b: 
Initial configuration: He at center and on t2d  
Relaxed configuration:  (-5.42, 3.69),   
t2d is relaxed to an IIS close to the two Y at the edge of the octahedron 
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Fig. B7c:  
Initial configuration: Two He atoms are placed symmetrically close to v1 with orientation along 
the <100> direction 
Relaxed configuration:  (-3.87, 5.23) 
   
 
 
Initial configuration: Two He atoms are placed symmetrically close to v1 with orientation along 
the <110> direction 
Relaxed configuration:  (-3.84, 5.27) 
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8. Two He in the OC O-Y-Ti cluster 
 
 
Fig. B8a:  
Initial configuration: He on the two available IVS, both He sites correspond to relaxed 
configurations obtained by adding one He to the cluster. 
Relaxed configuration: (-4.69, 4.41) 
 
   
 
 
Fig. B8b:  
Initial configuration: Two He atoms are placed symmetrically close to v2 with orientation along 
the <110> direction 
Relaxed configuration:  (-4.78, 4.32) 
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Initial configuration: Two He atoms are placed symmetrically close to v1 with orientation along 
the <100> direction 
Relaxed configuration: (-5.31, 3.80) 
 
   
 
 
 
 
App-B3:  Relaxed cluster configurations containing three He atoms 
 
In the following the cyan balls are the three He atoms. Figures on the left side depict the 
cluster with the initial He sites and on the right side the relaxed configuration is shown. White, 
green, blue, and red balls represent Fe, Y, Ti, and O, respectively. Vacancies which belong to 
the cluster are represented by yellow balls. The values of He binding and incorporation energy 
are given in the form  ( , ). All values are in eV. Only parts of the supercell are 
shown in the figures. 
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9. Three He in the CL O-Y cluster  
 
Fig. B9a:  
Initial configuration: He at center and on two IVS; these three He sites correspond to relaxed 
configurations obtained by adding one He to the cluster.    
Relaxed configuration:  ( -9.68, 3.99) 
 
    
 
 
Fig. B9b: 
Initial configuration: The first He is at the center, the second on an IVS, and the third on a IIS 
close to the two Y atoms at the corner of an octahedron edge; these three He sites correspond 
to relaxed configurations obtained by adding one He to the cluster   
Relaxed configuration:  (-8.50, 5.18)  
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Fig. B9c:  
Initial configuration: 3 He symmetrical to v1 in a {100} plane 
Relaxed configuration:  (-8.41, 5.26) 
 
     
 
 
 
10. Three He in the OC O-Y cluster 
 
Fig. B10a:  
Initial configuration: He on the three available IVS; these three He sites correspond to relaxed 
configurations obtained by adding one He to the cluster  
Relaxed configuration: (-8.11, 5.54) 
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Fig. B10b:  
Initial configuration: Two He on IVS near v2 and near v3, the third He on an IIS close to the 
two Y atoms at the corner of an octahedron edge (with two O atoms in the environment); 
these three He sites correspond to relaxed configurations obtained by adding one He to the 
cluster 
Relaxed configuration:  (-7.61, 6.05) 
 
       
 
 
Fig. B10c :  
Initial configuration: Three He atoms in a {100} plane, symmetric, near v2 
Relaxed configuration: (-7.97, 5.69)   
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11. Three He in the CL O-Y-Ti cluster 
 
Fig. B11a:  
Initial configuration: He at center, on IVS near v1, and on o2b 
Relaxed configuration: (-7.82, 5.84) 
 
    
 
 
Fig. B11b: 
Initial configuration: Three He atoms in a {100} plane, symmetric, near v1 
Relaxed configuration: ( -5.23, 8.44) 
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12. Three He in the OC O-Y-Ti cluster  
 
 
Fig. B12a:  
Initial configuration: Two He on IVS near v1 and v2, and a third He on o2b 
Relaxed configuration: (-6.89, 6.77) 
    
 
 
 
Fig. B12b: 
Initial configuration: Three He atoms in a {100} plane, symmetric, near v1 
Relaxed configuration: (-6.16, 7.50) 
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App-B4:  Relaxed cluster configurations with an additional vacancy (v)  
 
In the following, the magenta ball is the additional vacancy. Figures on the left side depict the 
cluster with the initial v site and on the right side the relaxed configuration is shown. White, 
green, blue, and red balls represent Fe, Y, Ti, and O, respectively. Yellow balls represent 
vacancies, which belong to the cluster. The values of v binding and incorporation energy are 
given in the form ( , ). All values are in eV. Only parts of the supercell are shown in 
the figures. 
 
13. Extra vacancy in the environment of the CL O-Y cluster 
 
Fig. B13:    
Initial configuration: v on site A  
Relaxed configuration: (-0.076, 2.09)  
     
 
 
Initial configuration: v on site B  
Relaxed configuration: (-0.79, 1.38) 
     
 
 
V
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Initial configuration: v on site C  
Relaxed configuration: (-1.99, 0.18) 
     
    
 
14. Extra vacancy in the environment of the OC O-Y cluster  
 
Fig. B14:  
Initial configuration: v on site A  
Relaxed configuration: (-0.012, 2.15)     
     
   
 
Initial configuration: v on site B  
Relaxed configuration: (-1.06, 1.11) 
     
135 
 
 
Initial configuration: v on site C  
Relaxed configuration: (-1.97, 0.20) 
     
 
15. Extra vacancy in the environment of the CL O-Y-Ti cluster 
 
Fig. B15:  
Initial configuration: v on site A  
Relaxed configuration: (-0.24, 1.93) 
 
     
 
Initial configuration: v on site B  
Relaxed configuration: (-0.40,1.77) 
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Initial configuration: v on site C  
Relaxed configuration:  (-1.85, 0.32) 
      
 
16. Extra vacancy in the environment of the OC O-Y-Ti cluster  
 
Fig. B16: 
Initial configuration: v on site A  
Relaxed configuration: (-0.16, 2.00) 
    
 
 
Initial configuration: v on site B  
Relaxed configuration: (-0.98,1.19) 
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Initial configuration: v on site C  
Relaxed configuration:  (-1.73, 0.43)  
     
 
 
 
 
App-B5:  Relaxed cluster configurations with an additional self-interstitial 
atom (SIA) 
 
In the following, the two light magenta balls are the atoms of the dumbbell which forms the 
SIA.  Figures on the left side depict the cluster with the initial SIA site and on the right side 
the relaxed configuration is shown. White, green, blue, and red balls represent Fe, Y, Ti, and 
O, respectively. Yellow balls represent vacancies, which belong to the cluster. The values of 
SIA binding and incorporation energy are given in the form ( , ). All values are in eV. 
Only parts of the supercell are shown in the figures. 
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17. SIA in the environment of the CL O-Y cluster  
 
Fig. B17:    
Initial configuration: SIA on site A  
Relaxed configuration: (-3.50, 0.42), recombination with a v of the cluster   
  
   
Initial configuration: SIA on site B  
Relaxed configuration: (-4.19, -0.27), recombination with a v of the cluster 
        
Initial configuration: SIA on site C  
Relaxed configuration: (-2.98, 0.94), recombination with a v of the cluster           
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18. SIA in the environment of the OC O-Y cluster   
 
Fig. B18:    
Initial configuration: SIA on site A  
Relaxed configuration: (-3.70, 0.22), recombination with a v of the cluster 
    
 
Initial configuration: SIA on site B  
Relaxed configuration:  (-2.08, 1.84), recombination with a v of the cluster 
    
Initial configuration: SIA on site C  
Relaxed configuration: (-1.91, 2.00), recombination with a v of the cluster       
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19. SIA in the environment of the CL O-Y-Ti cluster 
 
Fig. B19:   
Initial configuration: SIA on site A  
Relaxed configuration: (-3.41, 0.51), recombination with a v of the cluster 
    
 
Initial configuration: SIA on site B  
Relaxed configuration:  (-3.89, 0.029), recombination with a v of the cluster 
     
 
Initial configuration: SIA on site C  
Relaxed configuration: (-3.58, 0.33), recombination with a v of the cluster 
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20. SIA in the environment of the OC O-Y-Ti cluster   
 
Fig. B20:   
Initial configuration: SIA on site A  
Relaxed configuration:  (-3.55, 0.36), recombination with a v of the cluster 
    
 
Initial configuration: SIA on site B  
Relaxed configuration:  (-4.21, -0.30), recombination with a v of the cluster 
     
 
Initial configuration: SIA on site C  
Relaxed configuration: (-3.98, -0.061), recombination with a v of the cluster  
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App-B6:  Relaxed cluster configurations containing one He atom in a 
supercell with 250 bcc lattice sites 
 
In all following figures, the cyan ball represents the He atom. The values of He binding and 
incorporation energy are given in the form ( , ). All values are in eV. Only parts of the 
supercell are shown in the figures. 
 
 
21. He in the cage-like (CL) O-Y cluster 
 
 
 
Fig. B21:The initial He sites considered for the calculation of He interaction with the CL O-Y cluster 
White, green, and red balls represent Fe, Y, and O, respectively. Gray and magenta balls denote 
octahedral and tetrahedral interstitial sites in the underlying bcc lattice. The gold ball denotes the 
vacant site at the cluster center. Vacancies which belong to the cluster are represented by yellow 
balls 
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The following figures show relaxed configurations 
 
Fig. B21a: He at the center of cluster stays there. 
center (-3.29, 1.23) 
 
Fig. B21b: He on t1 relaxes to an interfacial vacant site (IVS). 
t1 (-3.21, 1.31)  
     
Fig. B21c: o2e relaxes to a cluster configuration with oxygen in the center (OC), with He on a 
IVS close to a vacancy position. Here He binding and incorporation energies were 
determined with OC cluster without He as reference. 
o2e (-2.57, 1.93) 
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22. He in the O-Y cluster with oxygen in the center (OC) 
Fig. B22: The initial He sites considered for the calculation of He interaction with the O-Y cluster with 
oxygen in the center (OC). White, green, and red balls represent Fe, Y, and O, respectively. Gray 
and magenta balls denote octahedral and tetrahedral interstitial sites in the underlying bcc lattice. 
The light green ball is a vacant site at the cluster-iron interface. Vacancies which belong to the cluster 
are represented by yellow balls. 
 
 
The following figures show relaxed configurations. 
Fig. B22a: He on v2 and on t1, and o3a relaxes to a interfacial vacant site (IVS) 
v2 (-2.69, 1.83)    t1 (-2.69, 1.83)     o3a ( -2.61, 1.91)  
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23. He in the cage-like (CL) O-Y-Ti cluster 
 
Fig. B23: The initial He sites considered for the calculation of He interaction with the CL O-Y-Ti 
cluster. White, green, blue and red balls represent Fe, Y, Ti and O, respectively. The gray ball 
denotes an octahedral interstitial site in the underlying bcc lattice. Gold and light green balls are 
vacant sites at the cluster center and the cluster-iron interface. Vacancies which belong to the cluster 
are represented by yellow balls. 
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The following figures show relaxed configurations 
Fig. B23a: He at the center of cluster stays there. 
center (-2.59, 1.93) 
 
 
 
Fig. B23b: He on v1 relaxes to a nearby IVS. 
v1 (-2.37,  2.15)  
    
 
Fig. B23b: He is on a stable near the initial interstitial sites. 
o3a (-0.191, 4.33)  
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24. He in the O-Y-Ti cluster with oxygen in the center (OC) 
Fig. B24: The initial He sites considered for the calculation of the He interaction with the O-Y-Ti 
cluster with oxygen in the center (OC). White, green, blue and red balls represent Fe, Y, Ti and O, 
respectively. The gray ball denotes an octahedral interstitial site in the underlying bcc lattice. 
Vacancies which belong to the cluster are represented by yellow balls. 
 
 
The following figure shows a relaxed configuration 
Fig. B24a: He on o3a relaxes to an IIS. 
o3a (-1.87, 2.65) 
 
X  -------------------------------  X 
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